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1.0 iﬂzﬁngCTION

This study concerns a system in which solar flux is exploited as a force
¢ change orbital jarareters ¢f a passive communication satellite in a ranner
which when controlled will peramit sufficient change of these parameters to
provide means for station heeping of a satellite with respect to others in the
éame orbital~;lane. The purpose is to te able to naintain spazing of a minimm
rumber of these satellites to provide maxirum cormunications coverage arcund
the earth's surfaze as opposed to randor placement of similar satellites.

The method of cortrollins *he force upon the satellite due Lo solar flux is

to position surfacus of varying solar force characteristics toward the sun as

a functicn of orcitel position by t§zqaing arainst the earth'e magnetic field
with currents in three mutually orthegenal coils rifidly fixed %o the satellite.

The first four months effort has been divided into three major headings;
zontrol, structure arnd crtital ~omputations. Considered under these headings
are feasitility with rerard to control accuracy and stebility: _tructural
weight: thermal ltalance; reliatility and conjonent life; cortirmum ceil weigh* vs
power suprply weight: and rebility in terrms of ortital parameters.

The study was uadé by corparing two arpreaches. One, called the "dual
flip ", in which the satellite was flipped twice yer orbit in the near eclirtic rlane
to place altermate sides towards the sun when the sun lire was nost nearly tangental
to the satellite's velocity vector. The other, a vertica.ly oriented system, where
cne axis of the satellite is pointed toward the earth's center at all times, thus.
acirtine alterrate surfaces towards the sun wher the sun line is tangential to the
velocity vectors.

‘Two obtjectives were to te accomplished during the first four menths cf
this stud program, First, to select the most promising systeum and second, to
~amonstrate feasitility, This report will present first those parameters which

will te sipnificantly different for the aforementioned two systems studied in order
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tc estatlish a tasis for the recommended choice. Following this will te presented

those additional areas studied to complete the feasitility pictr »=.

\
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2.0 RECQIMENDATICH

The results oi the first four mornths study have shown that the

vertical oriented syster is a rmore readily attainatle system. At first it was
teiieved that the dual f1ip systewr would retter utilize the effects of sclar forces
recause the satellite could be zontrolled in attitude to dirscily pcint the desired
face toward the sun during larye portions of each cortit ty solar vectoring. The
vertically oriented satellite must by rortrast acczpt an «ffset equal to the ansle
cf the ortital plare to the eclirtic plane. However, upon cvaluating 'secondary
solar fcrces,specifically the earth's altedo and radiation; it was fourd that
slightly sreater total diffsrential forces ware ottained in the vertically criented

syster., TFurther rasis for this recormendaticn is yresented in section 3.0

1/ - GCIRIRD - 2-1
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3.1 CONTROL SYSTR
3.1.1 Control System Goals

The function of the control system is to align the symmetrical axis of the
vehizle alorng a predetermined directicn vector. For the dusl flip system configura-
iior the Vs:mline forms the reference vectsr and for the vertical configuraticn the
srti% velocity vector forms tﬁe external reference. At appropriate times the
desired poirting direction is reversed (flip operstion) teo establish a new direction
and ‘or magnitudc ~f orbit correcticn forces. Thu zontrol gystem should point the
symmetricsal sxis along the externgJA¥a}9;snce vector witn nﬂﬂimum error consistent
with meesting thc other rsquirementsﬂéf the system,

° Due to the high reliability raquiremeﬁt inposed by the expactea life of
the vehicle, the following conditions were ;;sumed in designing the fundamental
.contrn), system:

(a) Directional information is to be qbtained from sun sensors and
ragnetometers. These information sources contain no moving parts, a basic require-
ment for long life, Altéfnate_aensing elements such as horigon scanners, directional
pyfos, stable tables and star irackers all cgntain moving parts; while the use of -
radar error datectic.. dapends on the continuous availability of ground stations
fof reference sigﬁal goneration. '

( (b) Damping information is to be obtained from cperation en the basic -
error signals. The long expected life precludes the use of gjros.

(c) The torque source for error correction and maneuver is limited to the
interaction between ele.tromagnets and the earth's magnetic field. Vass expuigion
systems and resctioh wheels both contain undesirable moving parts. The sy§t§m is to
be evaluated for three phases of operation: settling time for a large initial error
(>30°), normal pointing error under nonmaneuvering conditions and #erformance during

a manauver (flip).
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3.1.2 Generasl System Descriptions

3.1.2.1 Dual Flip System

3.3.2.1.1 Orientation and Error Definitions

The dual flip system is desisrned to operate in twe modes durin; every
orﬁit:

{1) Immediately following occultation, the system is to cause the vehicle
to turn 1680° abou’ an axis orthogonal t» the syrmetrical axis; the symaetrical axis
being defined as trne axis passing throush the center of the pattern-s and the center
cf eravity. Anothgr flip maneuver of 18C° '8 to take place when the vehicle is
nearest the sun. The maneuvers are desigied to cause cne side of the vehicle to
face the sun during the solar approach hi..l of the orbit and the opposite side to

- face the: sun during the recession half of the ortit.

(2) At a3l other times ttre vehicle gymmetrical axis is tc be kept pointing
alony the suniine. It is kept frcm spinning about timis aﬁs by means of torques
fenerated in response to error‘s'lgnals derived from the difference between pro-
frammed and measured magnetic ficld data. -

| Fipure 3.,1-1 illustrates the sunline-ecliptic axes (X,Y,2) and corres~
yonding body axes (x,y,2). Since the error fﬁnctions used to derive the coil cur-~
rents must uﬁiiize sun sensor an: magnetometer sipnals, the definition of the
errors must correspond to the inform':tion obtainable from these senscrs. In general,
the magnetometer informatior will consist of axdial components of the earth's field,
each probe metering the field along one of the three orthosonal major axes. The
sun sensors can be designed to measure the ccsine betveen the sunline and the
symretrical axis of the sensor; which would correspond to the directional cosine
for.sun sensors mounted along the major axes of the vehicla, Therefore, angz
‘system'c-iosigh must utilize the magnetcmeter and sunline data thus generetded. ’

7 ' Flgéx‘xﬁ(: 3.1-2 illustrutes the definition of the sunline error for the

routine mode, where o represents the error angle tetween the symmetrical x-axis and

the desired pointing direction for this axis, the sunline. -The computation of thias

i -m1 - g N 3-3
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angle would be complex and would not provide a direction in which to apply the
correction torque. A function which would supply nearly all the necessary informa-
tion is given by the cross product of a unit x-axis vector and the unit sunline
vector axpressed in vehicle coordinates. This fector (1 x S) has a magnitude
proportional to sine o and is in a direction which would correspond to the desired
direction of restoring torque. If the commanded restoring torqus is made pro-
portional Lo the sine of the error anzle, an undamped sscond-order system will
result, The additicon of the dm.ping vill be discussed in section-3.1.2.1.2,

To 'ﬁro;eﬁt ap@ng about the symmetrical axis, which would degrade flip
‘ performance, the cystexp must develop an error proportionsal to motion about this
axis. Figure 3.1-3 illustratees the method chosen for this erroxiaignul generstion,
The field components B.&.y and Bﬂ repraesent the magnetic fiald mdingu-al-éng the y
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SUNLINE ERROR VECTORS- By $Eq

Figure 3.1-2

and 2 axes if the véhicle is properly aligned. 'he angle B between Lhe vector formed
from these components (-ﬁ;) and the vector ('ﬁ;) formed from magnetometer ceadings

in these axes (Bay and B") indicates the error about the x-axis, In a manner
similar to the generation of the sunline error, the error about the x-axis will be
definsd by the cross product of the 'fi-: and ﬁ: vectors. Since the magnetic field
strength will vary, the stored data must be generated in normalized form (constant
composite msgnitude) and the result of the cross product divided by the magnitude

of the composite vector formed from the magnetometer readings. This will yield a
vector 'E;, which is & function only of the sine of the angle between the vectors

By and B,. The utiligsation of the error functions derived from the sunline and

magnetic field data are discussed in section 3.1.2.1.2.

1 ™1 AGE E D 5



SPIN MOTION ERROR VECTOR - E.

Figure 3.1-3

It was found during the study program that the loop gain during the
routine mode could not be raised to a large snough value to permi'g closed loop
operation during the flip mode. The flip then had to be performed in a manner
which did not permit feedback control of the x-axis position durinc the flip 7
operation, The details are contained in section 3.1.2.1.3.
3.1.2.1.2 Block Diagram=Routine Mode

_ During the nonmansuvering phase of the orbit, the system is to maintain
the symmetrical axis of the vehicle pointed along the sunline while maintaining
a nonspinning condition, Figure 3.1-4 illustrates the system in general form, The
reference magnetic field data is stored on board during a pass over a ground station.
At each point in the orbit, the rererence. data £nd the. magnetometer data are made

to form a cross product, which is then normalised by dividing by the absolut. value
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Figure 3.1 4
4f the field component in the y-z plane. The reaultant signal is Ex' & measure of

the error around the sunline. The Ey and E; signals are derived from tle sun aensors
and are equal to + Sg and - Sy respectively, yhich are the directional cosines ve-
tween the sunline and the z and y axes. Thaae signaI.s form the sunline error vector
where from section 3.1.2.1.1

—

s iy xS

3
"

and Ey = jS, [ where J and k are unit vectors along the
Eg . = kS '

The only nortion of the composite error (1.Ex + jEy + k E.) which can bo'

ky and s axes

corrected is thut which is orthogonal to the mgnet;ic field. Since the coil field
vector mast itself lie orthogonal to both the magnetic field and the correctable

portion of the error, the coil current is computed as the cross product of the error

- 7
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sirnal and the marnetic field vector in vehizle coordinates, Since the resulting
syatem, with corrective toryue pmportionalA to error, is unstable, some means had

to be introduced to provide a signal approximately pioportional to ;J This was
carried cut ty detecting the signal rate directiou of the absolute value of each
component (., L‘: ara 3,) and attenuating the contrilbuticn to the cross~product by
that comporent if its altsolute value was decreasing. With reference to figure 3.1-4:

, R - 1ot
. 5., Woere ! when 3 > 0

[4
and _ <1l when ' |<0
X A

The logic for 3! and z, is similar.

3.1.2.1.3 Block Diagram - Flip Mode

The flip mode operation was basically designed as an optimum open loop
controller. Since, in the routine pointing mode, the symmetrical axis of the
vehicle is maintained a.loﬁg the sunline, it should only be necessary to develop
a fixed torque orthogonal to both the magnetic field and the sunline tc flip the
vehicle 180° with no residual rate. This would involve reversing the required
toraue direction in the middle of the flip. Figure 3.1-5 illustrates the sequence
of the deaired flip. At step 1, the vehicle symmetrical axis is pointing at the
sunline and the rates about the three vehicle axes are assumed to be minirmal,

Point "a'" represents the intersection of the syrmetrical axis with the vehicle
surface, A fixed torque orthogonal to both the B (field) and S (sunline) vectors
is applied (into the paper on fipure 3.]1-5) and the vehicle accelerates until it
reaches point 4, whers the torque vector is reversed, so that from point 4A to
point 7 the.vehicle is decelerating. At point 7 the commanded torque is reduced
to gero.

Figure 3.1-6 iﬁlluatrates the mechanization. The rofgrence torque vector,
which is orthogonal to both the magnetic field and the sunline, is generated by
takins the cross product of the measured magnetic &nd sunline coordinates, and
normaliged by dividing by the absolute value cf tha resultant vec.or. The computed

signals represent Lhe command-torque componeants and are used to form the coil

i



FLIP OPERATION ~DUAL ELIRP SYITTEW

Figure 3.1-5

currents by taking the cross-pfoduct. T x B. Since the coii fieid will then be
orthogonal to both T and -ﬁ, the actual torque vector produced by interaction witn
‘the earth's field will be colinear with the T vector, since it is formed by the
cross product I x B. The torfue reversal operation and lthe reversion to the
routine pointing mode are carried out in response to one bit commands from the
data storage element.
3.1.2.2 Vertical System

The vertically oriented system is designed o maintain the vehicls
symmetrical axis along the velocity vector of the oz;bit. In addition, the vehicle
motion about the velocity vector is maintained at an average of sero to minimize

"o destabilising effect of rate buildup about the velocity vector.

11 =i ACCIF|EN -9
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3,1.2.2.1 Orientation and _rror Definitions.

Figure 3.1-7 illustrates the orbit coordinates (X,Y,Z) and the bedy axes
(x,y,2) as shown for a conditicn of perfect alignment. For imperfect alignment,
the error signale should, as in the dual flip system, correspond to the direction
in which a restoring t-rque is to be applied. In addition, the error signels must
be computed from available sensor information. The development of pointing error
vectors and the spin motion error vector is car;ried out in a fashion similar to
the error computations for the dual flip routine pointing mode. The errcr generation
for the vertical confipuration is shown on figures 3.1-8 and 3.1-9, The major
difference i1s in the use of the velocity direction unit vector (5'() in place of the
sunline and the employment of the vertical direction urit vector (Z) in place cof

the difference between twe magnetic field vectors.
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COORDINATE  SYSTEM-VERTICAL CONFIG.

Figure 3.1-7

The major difference bet;;;n the dual filip and vertical configurations
lies in the availability of signals wh’ch cculd be readily processsed to yield
the errois with respect to the external coordinate system. Since the sunline ani
magnetic field vectors will not, in the general case, lie along any of the orbit
axes, it.becomes necessary to compute the direction coaines between the orbit axes
and the vehicle axes for the vertical system., The computation must be carried out
utiliging four sources of information:

(1) The predicted magnetic field vector for each point in the orbit,
expressed in orbital coordinates.

(2) 'The predicted sunline vector for each point in the orbit, expressed
in orbital coordinatea.

1) ey sepmiep 3-11
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Figure 3.,1-8

(3) The magnetic tield vector, expressed in vehicle coordinates, from
magnetometer readings.

(L) The sunline vector, expressed in vehicle coordinates, from sun sensor
readings,
The cross product definitions or errors shown on figuras 3.1-8 and 3.1-9 can be
expreassd as direction cosines, which is squivalent to expressirng them as elements
of the transformation matrix relating orbital to vehicle coordinstes, The problem
then becomes one of cumputing i 9 matrix elements in terms of the four availabls
parameters, two of which are stored in a memory on board the vehicle.

The first step is to form the cross product B x § = L which yields two

vectors, one in each coordinate system, which can be used in sddition to the four

e vn
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others to provide the sclution for the matrix elements,

equations with nine unknowns:

UNCLASSIFIED

Lx
Bx

Sx

Ly
By

Sy
Lg
Bg

Sg

a11
a1
b |
a2
8
2
asn
&31
&31

~

Figure 3.1-9

82

812

812

822
822

822

332
832
332

-1

SIS DS S S N e

a13

a4

813
823
a 23
an3
833
833

833 .

There will then be nine

Ivl Z



e

Four of the matrix elements are required to gerierate the error components Ex, Ey,

E,. These clements are: 8199 855 8 13°

used to solve for ajq nd 83y while the second three equations will yield solutions

23 and a The first three equations can be

for 321 and 323.

The solutions for the equations are:

817 = Lx(BY Sg 37 SY) - 3y (LY Sy = Ly SY) + Sx(LY By - 1y BY)

L2
or = WPy - % S By Uy S -1, &) + 50y B, - 1, 2y)
!le

a13 = Ly(By Sy - szsx) = By (Ly Sy = Ly Sy) + 5, (Iy By - Ly B))

nﬁ

. _ . - - )

azy = Ly(Bx 5y - By 8y) - 8, (ix Sy - Ly 5p) + 5 (Iy By - Ly By)
1

=1

which will then te vsed to solve for

Ex=-an
By =tey
E, = +82
2, ., .2
823 7 #13

The analog computer study program utilizes the matrix elements directly
to reduce complexity, since the computations involved are straightforward.
3.1.2.2.2 Block Diapram -

Fipure 3.1-10 illustrates the block diagram of the verticsl system.
The reierence data for thq marnetic field and sunline is stored in the data storage
unit during a pass over the ground station. This reference data is continually
made available in analog form as the orbit angle progresses, and is used in con-
Junctivn with the magnetometer and sun sensor information to provide a solution
Lo the matrix element equations deacribed in section 3.1.2.2.1. VWhen the error
components are computed, the system (damping circuits, B x E current computation)

becomes the same as the routine riode of the dual flip system, described in section

-1k
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3.1.2.1.2.

When it becomes necessary to reverse the direction of the symmetrical axis
along the velocity vector, the reference coordinatas of the magnetic field and
sunline are changed to correspond to a constant angular V’eloc':ity of the raference
(orbit) coordinates sbout the vertical Z axis. At the end of thie maneuver,
the X axis points in the direction the vehicle has come from. At all times the
vehicle remains under closed loop control.

3.1.2.3 Sun Orientation Comparison

Figure 3.1-11 gives direct radiation force vs orbit angle for the two
‘systems., This force was miltiplied by the alne of the orbit angle and integrated

over the orbit to obtain the net force due to direct radiation for each system.
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Firure 3.1-11 Direct Z Force vs Orbit Angle tor Two Systems

This was done praphically - multiplying each value of Fz‘by sine u a.d measuring
the area under the resultant function with a planometer - and anaiytically -
approximating variuti_on; in Fg with si.nuspids and integrating between the- proper
limits. 'Ihe‘re:nftts of this stu@ were found to be .OL4 #-deg per. orbit for the
vertical s,stem and 0,036 #-deg Per orbit for the dual flip systemt

This study was done for direct solar fc;rce orly since the forces due to
reradiation, albedo, and earth are not known at this time for a 45° inclined

orbit tc the ecl.;lptic.

3.1.2.4 Comﬁl_rg_ﬁJd.gv Compari son

Utilising the diaprams of the detailed system blocks, figures 3.1-12,13, . .
14 and 15, the total system complexities of both tiis dual flip and vertical
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Figure 3.1-12 Detailed Block Diagram, Vertical System
configumii ons were estimated,
Each of the system blocks was broken down into a probable number of
equivalent electronic blocks, components, or compaiable number of btits to be stored

or converted:

Dual Flip Vertical
~ Multipliers (4)* : 54 123
pgz.pmgbi;, (16) 18 ‘ 18
ng@re and Square Root (1) .3 7
Division (3) 3 6
" Powsr-Amplifiers (%) _ 27 27
Summing Amplifier (i) 6 _ 16
Data Stox;age 72}6%0 bits 189?3700 bits

#Numbers in parentheses are equivalent functional elsctronic blocks or components
required/unit. . - -

T REL TR LI 3-17
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Figure 3.1-13 Dstailed Block Diapram, Dual Flip System

Since singie or even mltiple failures 1thhe data storage elements will prcoably
not result ir catastrophic failure, and since the same type receiver, decodér, powex-'
supply and clock could be used for;eithor syétem, the complexity of the vertical
gystem relative to that of the dual flip system will not be much in excess of thatv
"~ 3,1.2:5 Gain Definition
- ; In subsequent sections which describe the performance results, one of
“the paremeters is gain. For conveniance in analysis, two definitione were used,
:on'a for the dual flip system v\rhuv it was necessary to relate closed loo;;
performance to flip operation capability, the other for the vertical system where

 a more general gain definition is desired. A constant relates the two gains,

o ’ R Nt

\



A

. |
|
RS | =
ws \ N S
< :)__U\ — |i WL\ R .

i x i S e, LT
+ mprimien ((getxr) '

- MU TIBLUER (& wxy'

e ! A
e g . ~
o i ) i W S ———tee— BUT
l—aw__.' ! ;
i e o J
IUARING CiwmCuT . i SQUARE ROTT

- —————— |

—_—

1
. Vs v, ' : SRB'T O0SiTION TINTEC
? .
. L‘>’L- ATTITUDE CONTRS. SYS~E=a
—- MR- M g
‘*“-—‘>""—“FJ MISCELLANECUS CONTROL 2ugr~S
x c— l , PART I
f
: = J ‘
T HDER L e - ) {
: l O
. N | LLotud oo LAY LIoe OrgEN oo™
. TRNAL  LEVEL hacadde IS 13 4 SramaL Levee
r4 ‘ SUNIIg Ay Sy AN Qe Qairy A

rigure 3.1-14

Dual Flip Gain Definition - See figure 3.1-16

Vertical System Gein Definition - The output torque generated per unit '
field strength orthogonal to the coil axis, divided by the axial component of the
syror which is normal to the field.
In addition to the paramster gain, a gain ratio Paramet.er 1ls also used. This is
defined as the ratio of the gain when the absolute w}a.lue of the errcr is decreasing
to the gain when the absolute exror is increasing. ‘
3.1.3 Routine Mode Performance Comparison

In sections 3,1.3, 4 and AE‘,’ the results of an armloglcomputex‘ simlation
of vehicle perfo) nance ary 'd/etai::Led. Seccién 5.1.3 is concerned with routine

(nonmaneuver) parformance of the two systems. All runs were made at 1500 statute

miles altitude, 30° inclination, with a uniform distributed spherical vehicle

UNCLASSIFIED 19



T . _

T Lj>,_Lb

. W
i
1 j .
DAMPING CIRCUT
T '
TYRCA, =~

‘EleI8 W fi€lco

. or eam . 'Elelw’| he fdielso
! CINCUTY
! ——
"§ . ‘—"‘*ﬁ
[ S )\
s S B CRBIT POSITION CONTIOL
' e } . ATTITUDSE CONTROL SYsSTE™
; i ——= MISCELLARECUS ZONTRCL T.II«§
' . ParT IL
R, Hew
AD=TY~9D

] ¢ COUBLE POLE SwiTCH

Figure 3.1-15

having a moment of inertia about each of the three axes of 4.5 x 1¢ 5 alug-rt..z.

3.1.3.1 Pesk Error

The complex noniinearities of the two systems precluds an analytic
soliution for performance evaluation. For this reason, it was necersary to make
long conputer runs to determins the peak and average values of paramsters such as
errors, torque and current. o

The relative position of the vehicle symmetrical axis ﬁth respect to the
required pcinting direction formed the measure of error used in evaluating pe‘ri'ormnce.
Since three. diroctional cosines can relate the position of a line (symmetrical axis)
with respect to an external coordinate srstem, they were recorded on a.ll runs and
also usad to compute the sine of the angular error. The peak arc-sine was then
calculated and tabulated as a function of system parameter variation.
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Fifgure 3,1-18

3.1.3.1.1 Dual Flip System
The dual flip systemn routine pointing x;iode was evaluated using no

maneuvers. It therefore corresponded to a sun-pointing vehicle., This was done to
\eaabliah a relative performance criteria for comparing it with the vertical system
and to establish optimum loop parameters prior to attempting a flip operation,

Figure 3.1-17 (sclid line) illustrates the performance with no disturbance torque
and a fixed gained ratio. With a minimum peek error of 3 degrees, it has & better
optimum performance than the vertical system (comparable curve shown by dotted lines)
but the sharper slopes for other than optimum gain makes the system ruch more gain -

sensitive,
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3.1.3.1.2 Vertical System

in

ga

inmum

Ky

oft

rtical system has hirher errcrs for

As noted above, the ve

genéfation of inertial reference torques to

settings. This results from the

correct errors which are functions of a moving (ortiial) coordinate system.

disturbance

Fipure 3.1-18 1llustrates vertical syst-ui performance for a family of

sturtance

-
a

torques. For purpcses of analysis, it was assumed that the princiral d

torque would result from dissimilar surface coatings on the two sides of the

vehicle and would generate a torque whose vector wculd be orthogonal to both the

sunline and the symmetrical axiS and whose magnitude would be proportional to the

It can therefore be

aina of the angle between the sunline and. sy:metrical axis.

expressed conveniently as a croéa-product and, consequently, readily mechanized.

h

The disturbance torque is rated in terus of ita peak value which would occur wit

ser I my R PAVPIRMR
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Figure 3.1-18 Peak Error vs Gain, 7ertical Systa:m, Routine Mode

the sunline normal to the symretrical axis. The curves of figure 3,1-18 indicate
a substantial rise in peak error as the disturbance torque rises. The character
of the curves indicates that the optimum gain varies as a function of disturbance
torque and lies off the scale for some of the disturbance values used. Figure
3.1-19 shows a brush ecord of a sample run.

3.1.3.2 Settling Tiue ‘

This is defined as the number of orbits required to atabilize from an
initial 45° error to the point where the srror is equal to its maximum subsequent
value.
3.1.3.2.1 Dual\Flip System

 Figre 3.1-20 illustrates the variation in sattling tims as a function

of gain, both fou' a case of sero disturbance torque and disturbance torque squal
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Fipure 3.1-19 Typical Computer Run, Vertical System

to 0.005 1b,~ft.. The results of similar runs with the vertical system are also
shown. A comparison with figure 3.1-17 would indicate that the point of minivum
error does. not quite correspond to the point of minimum setiling 1;i1ﬁe but since
the difference is not very great (rain = 0.14 nfor €min vs gain = 0,15 for Ts—min)
it would be eas‘w} to specify a compromise gain, The presence of thé disturbance
torque increases the settling time but has very little effect on the optimum gain
point.

Figure 3.1-21 illustrates the variation in settling time as the gain ratio
is chanped. The increase in fain ratio has a destabilizing effect which pesults in

longer settling times but does nct tend to shift the optimum gain point.
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3,1.3.2.2 Vertical System

A comparison of firures 3.1-22 and 3.1-17 indicates a difference between
optimum pain for mininum error (fFain = 4) and optimun pain for minimum settling
time (rain = 5.7), both case§ for zerc disturbance torque. Since the resultant
difference is not substartial, and wsince figure 3.,1-22 indicates a shift toward a
lower optimum ;ain for settling as the disturbance is increased, the comyromise gain
will probably lie in the rerion of 4 1b/ft per gauss/radian-gauss.

The variation of settling time as a function of disturbance torque would
‘ndicate that the larger normal pointine errors associated with increased disturbance-
torques rermit an apparent decrease in the settlin: time with increased disturbance
torque., As the disturbance Lorque is increased past 0,020 lb-ft, however, the effect

of the low initial slope associated with a rore lirhtly damped systen will tecore
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Figure 3.1-21

O-OI-&O lb"ft »

This is shown by the rise in the settling time with Ty

nore effective.

The differences in the optim.n pains will probably te caused by the same effect which

nimum error; a modulation effect

imun gain point for mi.

in opt

produced the variation

ely sinusoidal variation in disturbance torque acting on

induced by the approximat

the vehicle,

23 indicates the variation of settling time as a function of

Figure 3.1

gain ratio, The optimum rain ratioc would aprear to be in the region of 0.1,

although the variation is not very promounced. At lower than thie ratio, the

nd Ez) are not corrected rapidly enough due to

individual error cemponents (L, E, 8

2 2
ES+ Ey ) remains at a

-—
=

too low a gain snd the composite error (approximately

high lsevel., At higher ratios the effective phase margin, introduced by the

variation in pain, is substantially reduced and results in longer settling times.,

3-2%
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Fifure 3.1-22 Settling Tirne vs {ain, Vertical System, Various TD’S

3.1.4 Tlip lode Performarce Lomparison

3.1.4.1 Dual Flip lode

The dual flip operation was set up on the analer computer but at no time
could it bte made to raintain any sentlance of suniine pointing during the flip
pointing mode ¢f the ortit. It is therefore concluded that the dual flip system is
not, feagibla.

An exardnatior of tirure 3.1-24 shows that even for a low pain ratio, it
was .ot possible tc raise ti.e loop rain teyond C.24 duving closed loop opera .ion.
Since this means that a 9C- erro. (yiela. maximum i sifnal) would only result in
2L% of the .rque required to accomplish the flip in the specified time, it is
imrossille to accomplish the flip with a clcsed loop control system. This result

dictated the attempt at using the open loop system described in section 3,1.2,1.3.
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Figure 3.1-23 Settl

as described in section 3.1.2.1.3, depends on

The open loop system,

developing a torque vector orthogonal to both the sunline and magnetic field. OSince

the magnetic field changes direction rather sharply during the 90° of orbit angle

that the flip is to be accomplished in, the result will be that the nose of the

but which yields

vehicle will trace out an angle whose intogral lensth is 180°

reverse

The error effect during the

a rreat circle displacement of less than 180°,

e cumulative, develop-

flip which irmediately follows the first flip will tend to b

ing a large error to be eliminated in the remainder of the orbit. Since it takes

several orbits to settle out from any error, the net effect will be to produce

larre amplitude random motion in the vehicle due to the two required flips per

orbit.
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Tipure 5.1-24

3.1.4.2 Vertical Systen

For the vertical system, the fiip operation i3 carried cult over many
ortits, whicl rermits continuous 2losed loop cortrol. In evaluating tte system,
twe new perameters must be introduced: flip time reference and fiir time. The
flip time reference is the numter of ortits required to swing the pointing refer-
ence (X axis) around at a constant rate throﬁrh 180°., The flip time is defined
as the murher of orbite from initiation of flip operation until the time that the
anrle between the syrmetrical axis and the velocity vector falls, without re-
ererrinrc, to the maximun level which it reaches during the subsequent routine

pointing mode.
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Firure 3.1-25 i1lustrates the variation of tiip time vs flip tiiie refer-
ence for several rain values, The three curves tend t> approach one another
for lonrer flir ties, which is te be expected since loop rains tend tc mean less
as it takes lon;er and lonpsr Lo reverss the reference direction. £s the flip
tires become less, hovever, the gain factor Lecomes more important. This is due
io the increased inportance of shott settling times. Taierefure as the gain
increases ur tc optinun valve for settling time (see fijure 3.1~-22), the tctal flip
tise tecores lower and icwer. At Tiip tize references telow 2-11 ortits, the
cortrol system tended to produce large Euler av;le errors which made the simmlation
invalid and, consequently, limited the region of investigation.

Further investiration will deal with a {lip refurence other than ttre
corsilant velocity type represented here, possibly showing that shorter fiip tines

are possible.
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Firure 3.1-26 illustrates the ability of the system to raintain its
vert.ical pointinrs reflerence during the Ilip operaticn. The curves dc not indicate
any great change in performance durins a flip operaticn as a function of TD. “he
miniriging cf errors for rains belween 5 and 6 are consistent with results using
other rerfcrmance criteria.

3.1.5 Torque Corpariscn

3.1.5.1 lormal lode

Sirce the ;eak torque for fiip cperation {(1.3€ 1b-£i) will ‘e applied to
tre vehicle over a 180° orbit angle, the average tcrque will te at least 0.68 it-ft
for the dual fiip system. The measurement of the lcwer level routine peinting mode

torques will then rmean little for the dual flip system.
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The vertical system, however, always develops peak torques of a much
lower amplitude., The routine pointing torques then become meaningful, since
the higher flip mode torques only occur occasionally and the average level is
much lower. This is indicative of a mu<- lower power drain.

irures 3.1-27,28 and 29 illustracs the variation o §¢ak torque with
rain for the three axes of the vehicle when controlled by the vertical system. Thn
\'a.riations indicate the reneral trend of higher magnetic iorques for preater
disturbance torques, which ia expected. The general shape of.the expected curve
would te a positivc slope starting from the oripin {no current ~ormanded fof
gero rain). followed -y a decrease in the vicinity of optimum gain, and finally
a steep ascent due *o increas3sd error amplitude and tcryue per unit error increase
as the gain tecomes higher than optimm. The presence of curves with either
raxira or minimz points is indicative of the wide range of disturbance torque
s;ensitive optimun pair points. The range cof gain chosen was based on the TD =0
case.
3.1.5.2 Alip Yode

For the dual fiip system, the pesk torque is present during the entire
flip operation, althéurh the torque on any cne coil will neve: exceed this peak
velue ard will average less. -

The vertical system performance is given on figures 3,1-30,31 & 32 for
the three vehicle axes. The results are skown for two levels of disturbance
torque arnd two flip time references. The results are consistent with runs for
the routine pointing mode at similar disturbance levels. It is quite apparent that
the optimum rain lies at a higher value for Tp # O than for the TD = 0 case. For
rains greater than 5, the decrease in torque reflects the lower level of reference
following error as the gain appfoaches an optimum for the Tp levels shown. The
lower torque rates ;or higher flip timp,raferéﬁce (FTR) is indicative of the )
shallower position ramp which the ayﬁmetrical axis must follow as the time to make

the flip increases.
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3.,1.5.3 Yaeetic Torcuer Requirements

x-Axis Peak Torque, Vertical System, Routine lcde

"he magnet.ic torquers for the dual flip system rust te capable of

renerating *he full {lip torque under conditions ¢f minimum field magnitude, which

dictates a requirerent for a torquer capable of & lt-ft per gauss for each of the

three torquers.

The peak torques generated by the vertical system are much iower, which

is reflected in the lower peak coil excitation {torque/rauss) required in the

torquers. The variation in peak torque per gauss required during a typical flip

operation (FTR = 18.4 orbits) is shown in figures 3.1-33, 34 & 35.

Since the gain

will be set in the range of L to 4.5 to minimise settling time and peak routine

error, the torquer size will be the largest of the values read from three axial

curves shown at

UNCLASSIFIED
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This would cictate (from the x-axis coil curve)
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a Lorquer size of 0.25 lb-f% ‘-auss.

- 3.1.£ rower Drain Compariscn
~3:1.6.1 Herral lYode

. ‘The dual flip srstem operates with the full torque on 50% of the time.
The average power could tius ?e ciéséi}' éstimated using thre averare powsr taken
durinr the flip mode orly, - Cczrt:.ng the power used by the electronics, the total
averare drain for routine opex;ation will te 250 .

} ~ The vertical Vs:.'stem power drain is a funcf;ion of ¢cil desir., whick can be
 optimiged for the lower level torques gerersted ty this system. It is estimatel
that the average power taken during routine operation \gﬂlrbe 5L.91§.
3.1.6.2 Flip Mode

- The peak power dra;ln‘ for the dual flip system wﬂl occur if all three

coils are used at some point in the flip to develop the required torque. At this .
t<ne the most inefficient point of operation would occur and the pcwer drain would 4
be approxirately 702 higher than if the torque was generated using a single coil.

¥ith the averars power duﬁng'a flip taken as 40O J, the peak (worst case) will

approach 700 .
l The vertical s;'ste;x: will mqm.;-e only a minor increase in péwer 'for
average flip mede drain compared to the routine mode diain, tﬁe difference veing
56.0 (including electronics) ve 54.9%. The peak power drain will be 66.0 watts.
Figures 3.1-36 and 37 indicate the relative peak _;gq‘avemge power drawn bty the
" coils alone a8 a func'ion of flip time veference. The‘»lic;r_mé\ex‘-ffhé"riip time is
axtended, fc.he lower t}—‘—e», ;ﬁower taken by the coils., This result is consistent with
the results of previous runs which show peak torque and current drain as a

~ function of the same vayxiable,

3.1.7 Surmary

le results of the point-by-point comparieon “are shovn on figure 3.1-38.

“The system with the advantage on any ganicuh;/pqmt is outlined in & heavy shade
of black. It ia quite obviovus that the unfeasibility of the i‘lip opermtion twice

in each orbit rrecludes the use of the dual flip systam. The lower power drain

'nu-u.\:.:]
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and smalier torguer size required by the vertical system tend to cifset the
“increased complexity. The apparent arwvantage in accuracy of the dual fiip system
is offset ty the fact that the data is representative of runs with nc flips per-
formed. Eveﬁ if » svstem were designed to offset Lhe effects of the varying fi=ld,
there would te residual rates resulting frorm total system imperfections amcunting
to orly 2% full ouﬁput which could yieid body rates in excess of those developed:

in stabilizing from.a 44° initisl error (approximately 12 dep‘/hr).
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3.2.1 Dual Flip System

The dnuz2l flip system is sun orierted, and therefore requires an 2rray
of solar cells capable of developing satellite fpower on two opprsite sides of the
sphere. The total area of solar cell array is determined from a consideration of
satellite eorientation, time spent in eclipse, power loss during flip, and total
power required per orbi%, The degradation of sclar cell output due to artificial
and Van Allen telt radiation must also be considered., Tt is anticipated tnat at
an altitude of 500 miles and inclination of 60°, the use of blue shified H or P
solar ceils with a 10 mil s;mthetic quartz cover slide wiil prove adesuate for
5-1C vear :1i%e, To insure complation of the mission, a 253 over-capacity will be
designed into the solar panels,

Por purposes of control system comparison, a 200 foot diametar satellite
aperating at an altitude of 1500 miles, with an »rbit }esalting in a maximum pefiod
of darkness per orbit is considerered. With an attainable solar cell owiput of 10
watts per séuare foot of projected area, an array of 79 ft2 is required per hemis-~
phere or a total of 158 £t2 at a weight of 1 1b./ft%,

A battefy capacity equal to 507 of the flip power plus the total non-
flip power during eclipse wi.l be adequate for tiis mission, Available silver oxide-
cad@ium batteries can be discharged to a depth of 50% and recharged with high re-
lizbility over a large number of cycles. Providing a redundancy of two, the weight
of ba*teries for this system is 32 pou.ds, The inclusionxof a 7 pound battery
- Cchergirg circuit brings the total power supply weight to 192 pounds,

The torque coil design is determined by optimizing for minimum weicht the
combination of torque coil and torque coil power supply. Consider that a ~7iven cur=-
rent is required for torquing the satellite, If a coil of cross-sectional area Al
is used, the power supply requiremsnts and therefore power supply weight are deter-
mined. If the cross-sectional coil area changes to A2, where A2 4 Al’ the coil

weight decreases. However, the power required and power supply weights increase,



The design point, as previously stated, is that coil area which resilts in aininum
total weight of coil-powar supnly combination, For the system being descrided, torque
coil weights of 57 pounds per coil are requi-ed ziving a1 tetal torquer weight of 171
pounds .

3.242 Vertically Criented Systew

Since the vertical system is earth oriented, the satellite-sun line relation-
ship is not constant as was the case for the dval flip system. 4 study of this relation-
ship indicates that provision must be made for supplving power 2t any arbitrary ballnon
orientation. The optinum fistribution of sclar cells for an arbitrary balloon orien-
tatio- “as been determined to be six solar cell areas located at the sads of three
mutually perpendicular diameters., The rinimum projected area for such an array is
equal to ,157 of the total area, with a maximum projected area or .21 of the total
area, The variation of power from maximum to'mininnm valnez is therefore only 2173,

For tﬁe vertically oriented srstem, having the power requiremen;s previously described;
this will result in a total solar cell area of 56 ftz, weighing 56 rounds., The battery'
requirements for this system, considering operation during orbital =clipse and peax
torquing lcads above solar cell capability, amount to i pouiids incinding a redundant
battery. The battery charging circuit raises the total power supply weight to £2
pounds,

The design of torque coils for the vertically oriented system is based on
the same principle of optimization emplojed in the calculation of dual flip coils,
There is, however, a slight difference due to the fact that the three vertical system
coils are of varying weirhts, The total weight of torque coil required for this

system is 10 pounds,
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3.3 Forces and Torquss

3 03 i Torgues

Correct orientation of the satellite in space .s accomplished by the use
of torques provided by the interaction of activated co'ls with the Tarth's magnetic

field, These torques may be calculated f{rom the equs.ien T = NIAB, where T = torque,

t
N = mmber of coils, I = current, A = enclosed ares, snd Et = mamnetic flux density.
For a given orbit altitude, ballqon diameter, and required torque, a value for the
product NI, ampere-turns, may be obtained. The peak torque requirenents for a 200
foot diameter satellite, in a 15C0 mile orbit, .ave been calculated to be 1,36 lb.-
ft. for the dual flip system and .09% lb,-ft. for *.: vertically oriented system,
3.3e2 Forces 7

In addition to the desired torque forces described above, the activation
of certain coils produces various undesired forces which must te carried by the sat-
ellite structure. These forces include hoop tensile forces, hoop compressign, axial
skin forces due to coil interaction, and scissors forces be‘ween perpendicular or
crossed coils, ADn investigation of these forces indicates that the compress}ve or
collapsing force is tue only one of sufficient magnitude to be considered in the
structural design of the s3tellite. This force is civen by the equation t = IBtR,

where t = hoop compressive stress, T = current, B, = magnetic fiux density, and i =

t
satellite radius,

The magnitude of the compressive load per coil can be controlled during
detail design by varying the number of conductors in parallel carrying a given total
current. The nurmber of ampere turns is indicative of ine total compressive loading,
¥eor the dual flip swvsteam, the total compressive load has been calculated to be 3C x

~

10™° pounds per inch while the vertical svstem load is 2.3 x 10"8 pounds per inch,



3.4 Structural 'feight

3,L.1 Mafinition of the Prouview

The structural desipn analyvsis of a Aymaniecally controil~+, cho-=tvpe,
spherical satellite is priaarily concerned :ith the stabilitr of an 11t-a-tkin-
«7alled vessel of laree “iameter subjected to lsads which are both morial to and
tangential to the surfsce and which are both distribited and lcealizaz in nature,

& rather ex‘ensive literature search in the [ield 57 ghell eqiatians failed to
vield any results which w=2re considared to be even ra2-ptely arplisa 1o, 12 range
of sntiere diszmeter to wall thickness ratios consid2ar:a:d in the Llit.:rat-re -ras -say
orders cf magnitude lowar than the cuse considered here; the “rve o7 lnading was
not nearly as reneralized as iz required hzsre; and in addition, all of the analvses
made the tacit assumption that initial surface irresularities we=e ns% larre cone
pared to the skin or wail thickness, This is a pri=wary considerasion ~han %ickline
type loads aré encountered,

3elie2 ilethod of Analysis

In the aBsence of any suitable previous analwvses, 1% was considera2d arcrop-
iate to analyze the balloon as if it wz=re made up of many sectionz »f z.rvad Teans,
The lozding applied to the beams comprises ths force appliad by *“~raiins c7ils to im-
part rotational acceleratior and the inertial loads arplied Ly the various rieces of

2quicment and the structure itseif in response to the accelevation, The 1limit of

functional suitability is determinea by the maximum llowadle ¢eflec*insn of *he stiruc-
ture which will not dezrade the reflec ed comminication simais baond a “~L:irable

level, This was taken 31s a ‘ten per cent change in the l-rse sszla racits of survature,

'3

The curved bean equations were developed 1ssuming semi-cire ‘1l-r ba3is having
pvinned ends, The torque c¢nil forces are applied at the ends of the benr so that the
entire beam will tend to rotate about the center of the cemi-circle “i.2, the center

of the balloon) as indicated by Figure 3.l,s1s The inertia forces of concentrated loads

are applied tanpentially at the mid-poin®, of the arc, and insrtia loais de to the beam

structure are applied tangentially and distributed uniformly along the bea~, This
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Figure 3.4-1 Curved Beam Loading and Equations

force ad los. distribution correlates well with three orthogonal major diameters of
a sphere where s»°  (.yor diameter incorporates a torque coil and electronic equipment
is located at eacn intersection of the coils. Bending moment equations were developed
from this distribution of losds, and deflections were corived as general expressions
by strain energy methods. In order to simplify the squations, it was assumed that
the maximum radial deflection was equal to the tangential deflection at the center
of the arc. 1his was found from geometry to be nearly true and thus justified the
agsumption,

Preliminary work quickly made two things apparent: (a) treating the
curved beam as an isolated piece of structure led to results which were far too con-

servative, and (b) the section moment of inertia required to limit the deflcectien

was many orders of magnitude larger than that attainable with a thin membrane skin alone,

s
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‘This led %o the concept of orthozonal snts of structural imbaers attached ‘o the

inner surface of *the halloon sxin. Thess ie1hers incweased th: se~tisn inartia in

the dirz=ction of the curvad bean and also rrovided additional surrort Y7 eans of

the orthoicnal hoop +embars which rasist deflection »f the Leaw, ™is adiiti~nsal

support was interrated into the stra‘n energy 2ruations and the ro2silis are s-own in

3.

a3 PR S - . ~ ey > 2
This emuition b2asves thr rrie dastum tnol,

the eq:ation shown on igure 3.h,1.

The exact zeonetry of tha orzhoronal structnril enu rs ean nake 13ny forms
and will e disc:ssed later irn tnils rarort. Tor rirrozag of 7
~ompurison it has been assvmed that siall dianeter tub lar embers will b2 used. Ti

s also been assuned that matarial of the “cho I7 *fwrpe fill e zaplovad,

(73]

averal curves have been created from the r=sion equation, and are s owm

*

af Srartia

in Mirvres 3.4.2 and 3.h.3. Th2se curves indicate thne secticn ivien

which is reaunired in order to adeqguately linit the doflacticn fﬁf\iﬁfﬁ or less arbit-
rapily cnosen distributed ond concentrated lca-s for rarious rotatinsnil ac-elarat ons.
Since tre raquired section inert.a varies linearlv -fih the load, *' . desiz-n sec*ion
inertia can »e found by provortioning the desirn Inncing 4o <he arhit-a~v leadine of

the cirves, 7Tt is to bz noted that the szetion inertia reqi-»d ig a Mnctinan of the

ot

third and fourth cowsr of the balleoon radius “ar ~oncenira2d wmul “istriv.fud 1cads
respectivelv, This is an indica*ion of tha nenalwv to ne raid for
palloonse.

The aclual irertial lozds applied te t1e halleon stricture ~re 7 T re-ion
cf the anrular accelsrations and n1asses of the ballren strmictue, the iorqiines ccils,
the power sugply, aad the electroiics, Ths electronics maiss i relaziv2lv constant
and in addition represents a relatively small fraction of the totatl weishit; in the
order of two or three nercent for even the smaller hallosons, T~ cize ana Mass of
the torgquing coils and power supply is a function of th» an~lar accelrration re-
quired, the balloon diameter, and the halloon mass, The miss of itn2 talloon is a
function of the structure which in turn is a “wnction of tne loads tc be surrorted,

These relationships have been reduced te equation form ind solved in terms of rela-

ative weight with the aid of the asgumption that the coils and power supply
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represent distributed loads, This assumption is correct for the coils and seems
reasonably true for vhe power supply because nost of the power supply mass is con-
tributed by the solar cell array which is fr.rly spread out, The results of this
analysis are presented by Figure 3.L.L, which indicates the calculated balloon weight
in terms of an equivalent diameter Echo II balloon weight as a function of rotational
acceleration and vallcen diameter. The rapid increase of weight with diameter is
again evident, 7

Thg dual flip system requires angular accelerations batweén 1.25 and 5,5
radians per second squared for orbit altitudes ranging from 3500 to 500 miles., It
can be seen that large diameter and low altitude balloons are structurally prohibitive,

and low altitude medium size balloons are marginal for this system,
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Figure 3.4-3 Required Section Inertia for Distributed Loads

3ule3 Results

- The earth oriented system has angular accelerations which are not intimately
tied in with orbit altitude and can therefore be much less than the dual flip system,
Examrle accelerations are indicated by the lower curves of ?igﬁre Jediehe It isito be
noted that the weight to be expected is generaliy less than twice Icho weight for
equivalent diameters. Slightly lower accelerations can keep the expected weight less

than 1.5 times Echo II,
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This senticn discusses feasitility items whi- are cerrec
scrrunizaticr sateilite rerardiess of the exact crierntaticn -entro
is eryloyed, These items are mainly ccncerrel with “he 20ility ¢
srsher te wreviie ard rale use c¢f differential sclar Tor-2s an! ¢
ware whith will relially survive tle space envirormen®.

The tepics which are discussed are listed telew:

(a) Sonlar forces

(t) laterials and structural c<cn:epis

(¢j OJurface finishe

(d) Thermal feasibility

(e) Zquipment locaticn and packarin

(£) PRadiation and retecrite shieldins

) Reliatility

(h) COrtital corputations
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L.l SCILAR FORCES AND TORLUZS

There ar> four sources ol radiation which cause forces and torques on the
vehicle. These fore~s are as follows:

(1) Direct solar forces - caused by direct solar energy icpinging upon
the vehicle.

(2) Albedo forces - produced by the direct sun energy reflecting off the
earth and striking tke vehicle.

(3) Direct earth forces - produced by direct earth energy impinging upon
the vehicle,

(L) Reradiation forces - caused by the vehicle being a source of radiaticn
due to its own temperature.

The radiztion impingement (or emission) on the vehicle produces forces
end torques which depend upon the surfaces of the vehicle, The surfaces of the
vehicle can be either diffuse and specular and absorptive or reflective,

Four different patterns were studied tc find the forces and torques on
the vehicle, Configurations A, B and C of figure 4.1-1 are corbinatiorns of surfaces
ranging from all specular to combinations of specular and diffuse surface. Con-
firFuration D of this illustration t.as a pattern which is half diffuse atsorphive
ard half diffuse reflective,

For the first portion of this study program confipuration D has been
investigated more completely than has A, B, and C, and configuration D is the
sutject of the data herein, This pattern has the advantage, since its surface
is ail diffuse or nearly so, of being the one which will produce the suwallsct
torques on the vehicle. Derivations have been made for the other patterns, btut
the computer runs to establish all of the needed relationships will not be complete
until later,

\
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Figure 4.1-1 Patterns Studied

The forces produced on a 200-foot diameter vehicie for configuration D
with a vertical system at 1500 miles altitude are preseated on the illustrations
to follow. The Z direction on the following curves is toward the sun, while the
{ direction is perpendicular to the 2. Ths orbit plane is assumed to include the
sunline (except for figure 4.1-6), so that noY ~direction forces are produced.
Admittedly, the data is incomplete until other orbit inclinations are added. In
all of the graphs, the force in lbs is shown as a function of orbit angle measured
from satsllite midnight,

In figures 4.1-2 and /.1-3, the X and Z forces are shown for the albedo,
direct earth, and reradiation forces The reradiation force is zerc since the

erdssivities on the inside and cuiside of each surface have been made equal.
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1142 iaterials and Structiral Concepts

b.2.1 liaerials

The :aterial choice for the valloon stract e 15 limited to tiosze 1aterials
whicn -re nirfhly flexile md are space nroven to the extent, that they do not r:quire
basic developent, Thi: limi+atien, conbinzd -rith the reguir2-ant that lirege sirace
areas ve providsd for solar :ressure forces, rastricts the choice to a -aterial either
similar to, cor 1denticai witi, the Icho II aluainumesrrlar-sluninum laainats, This
msberial appears *o have 21l of the necsssary characteristies. ather materfals such
as vruum rigidizing Tabries, foams, Tine wires, ete, are feficient with rerard to the
weigtt, volure requir:nents, certainty of space environsent characteristics, stability,
Sasic development, and similar items, The major improvenent wi~h could be expected
from any material would be 2 significant increase in s3tiffness. The aliminm ovter
layers of the “cho II laminate pro-ide btending stiffness which is diffienlt to spproach
with anv other material of the same thickness, TIncreased material thickmess has many
undesirable characte.ictics such as rulkiness, prorer heat transfer, w=ipht, and {lex-
ibility. Foaming materials offer some notential, but the present technolegy does not
allow their immediate consideratiorn,

Other charaéteristics which make the ~lunminum-nylar-aluminum sandwich rart-
icularly suitable sre the 2ot 1.7. reflection reflectivity and the adartability to
dzsirable surface finish properties. These qusalities are not inherent in nther mater-~
ials,

be2,2 Structural Concepts

o .

Several means for providing significant improvement in stractural stiffness
over the laminate alone have been consicsred on a preliminary basis, Fisure 1,2-1
indicates some of the most rromising possibilities, As shown by the illustration,
they are basically tubular, U-channel, 7-channel, and box section confirurations, The
means of deploywent variss with the type. The tubular form would require a secondary
inflation system which woivld bg activéied after the balloon has taken overall shape,
The U-channsl scheme is intended £o be self=forming during final vield stretchinp qf

the skin, Due to the skliu curva‘ure, the webs will form themselves toward tnhe radial



. POSSIBLE CONFIGURATIONS I
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Figure 4.2-1 Structural Configurations

direction, The Z-section and gox beam versions can be made and attached to tne skin
so that the unfolding of the balloon pleats forces them to erect. This methed has
been partially verified with paper and laminate models, Fabrication appears to be
feasible hut quite tedious,

The dynamic forces associated with the deployment of relatively large
electronics masses during initial balloon inflation can best be minimized by keeping
the inflation process as slow as possible, Residual air must be kept to a minimum,
Once tue initial shape has been attained, a second pressurizing phase is required to
stretch the skin to remove iold lines and provide as smovth a sphérical surface as

possibles
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L3 Sur*ace finishes

The inner and outer finishes of the satellite are important for thermal
and d:mamic control. The finish promerties that serve in these functions are zolar

absorbance (C*fs), emittarce (€ ), nd derree of speeilarity ( x{). Por dymamie

control, the trpss of [irish2s sought are shown below:

31la2ss of Tinish ideal 2ptical Properties
Dif.use Absorber AF= C, O(S =]
Mirfuse Reflector xf = 0, &, = 0
Specular Rellector z{- 1, x, = 0

To serve, as well, for thermal control, it was necessary that the diffuse
absorber have a high emittance, the specular reflector have a low emittance, and the
diffuse reflector, an emittance of intermediate value,

The choice of coating was limited, wherever possible, to aluminum "jn situe®
‘treatuents as opposea to applied finisnes. The bznefits would be low weirht penalty
and maximum resistance to nackaging and space envircnnent stresses. The treatments
considered were anodize (chromic and sulfuric acid types), chromate conversion coatings,
chromate-phosphate ceonversion coatings, and chemical polishing. Ho'rever, it was immed-
iately apparent that these types of finistes could not provide a diffuse absorber sufl-
ficiently close to ideal to be useful, Therefore, an applied finisli, India Ink, was
also considered,

Values of c<'s were taken from the literature z1d determinations made in
the Aerospace Division laboratories, Emittance values were from the literature or
rersonal comrminication with otner laboratories,

Quantitative degrees of specularity fﬁr these finishes were given no con-
sideration in the literature anﬁ had to be wmeasured, Specularity was estimated by
~omparing the total hemispherical reflactance (RD+S) with the hemispherical reflect-

ance when the specular component is removed (RD). The fraction of specularity (AdV)V

is calculated as:

R
J-l-TD—-—D
I+S

"1 - a ! T



For a highly diffuse surface where ,dﬁ-a 0, then RD - RD+S' For a highly specular
surface where /-—» 1, then RD - 0,

On the Carey Model 1L spectrophotoueter used for RD and RD+S measurenents,
the instrumental limitations were such that the specularity measurement could ant
be made at normal incidence over the spectrum range of 0,25 to0.0.7) microns, lewvi .z
these limitapions, the measurements quantitatively established desree: of < .ri ¢
specularity in coantrast to the subjective evaluation generally aade o, ure Uinishas,

Jalues ofo(s. €, and Jfor practical treatments are s-owm in Ts% e L,3-1,
In narrowing the choice for final selection of treatments, anodizing wis rejiented,

The reasons were: (1) very light anodizing afforded values no dirferznt fr-.= chenical
polishing., The only justification for use of anodizing would be 28 a means of pree
serving the polished finish, (2) Heavier coatines cf anodize did not afford suffice
iently high absorbence valucs before destsoying the thin parent metal,

The final selection of coatings to serve both dynamic and thermal reeds is
indicated in Table l,3-1, These are to be applied to satellite configurations for
both external and internal locations, The coatings chosen marry practicslity with a
sufficiantly close approach to the ideal to make the systems thermally and dynamically
feasible.

Manufacturing and space environment resistance of these coatines are shown

in Table L.3-2.



fm

OPTICAL FROPERTIES = AII'NT'UM TREATIUX!

2

At Treatmonta X 8 €
& fz. Alterations: '
g . 0.25 0,07
% .20 .cal Polished 0.2 0.0L
3" - on Chom, Polish:
A ‘¢ Acid
5 .a, treatmont C.16 Ul
%) . 3. troaimont .22 +20
Jur - dc Acdé )
S0 i troatiwsnt 0.52 -
3 .iin, treatment 0459 -
Craveraliah Coaunga H
e awe {(Alodine 1200) 0.53 . 0,08
C.re taePhosph-te
# Alo7ina LOlell 0.35 Cd5

Irc.aits 30

Tl o3 Coatings

4

4+ 3alocted Troatments

11 im] - Aecmamay

I.:ta Ink

Figure 4.3-1

oolcu-()om -

. 00"5 . 009

Coatinz
% Tont e
Specularity @ /14 it
61
90 0
68

L3

2l

[Nl
- ot
0=-13
o] l&: » JC

Surface Finish Optical Properties

4=13



FROCESSABILITY ~ ALUMINUM TREATMENTS

Fciding sflect
Ease Cost Adhasion  Reaction on Payent
Cheateally Fairly no
Polished easy high problsn gono noin
Al.. Suns very ) '
oL - 1 easy medius excellent  none rons
Incia Ink Very
oasy medium excellent nons nong
STABILITY IN SPACE
Vaouun/UV  Thermal .

Stability Radistion Micromotsorite
chanically ] no umusual
Polished no effect high oxcellent problow
Alodlne no sffeot  high - no known no urmsual
Lol - L1 known effect pro’ _on
India Ink no effect nigh excsllant no unusual

problen

Figure 4.3~2 Surface Finish Characteristics



el Thaermal 7sasibility

The thermal “z:oibility of the passive courinication satellite involves

*ne followinr tas 3.
1, -3tablis 1ne the critericn for f2asibility

be Determining: a ethod of analysis that indica* s ¢ ral-tisarhip he~
tween the +huormal design ~roporties and the passive temper v :ontrol of .he -

hicle for varinaue s1bital ervironments,

¢, stablishin~ the trade-offs betwsen *he dv--mi~5 require-onts and
thermal desim.,

ool The Criterion of feasibility

The overall fzasibility is associated with the 1life of th. satellite which
in turn is influenced by the temperature of tha various compon=nts. Rotn the max’imum

ind minimum temperatures are involved and the values selected are sumaarized below:

H
)
]
]
§
[}
[}
)
1
t
]
]

Skin temperature 30°C max,, =10GC min,
lectronics = = « = = = = = = - - 2 = - A0OC max,, = 1090 nin,

Rotter.es = = = @ o = = = = w = = = - = 1000° MaX .,y GCO7 in,

S0lar Crlls = = = = = = = = = = - - =~ = 100 '~ max., - 75°C rin

Lobel.l  Skin Temnmerature

The values chosen for the skin 2mperacure linis co:>espond o tlese
previously set for other balloons., The maximum 15 v=ry muck lower than the upper limit
for liche TT type material, The lower limit, howevar, is that imnosed on “icho IT mater-
ial wrere the joints w:re concerne., Inmprovements in joining tochniques have lowered
this limit but sufficient data 2re not available to irdicate now much,

Lelele2  Electronic Comn-ment Temperatures

The upper limit tas been selected bec~use it renresents tie peint where the
decrease in failure rates of most electronic components due to t.persture seffecis

becomes somewhat insignificant. The lower lim*t was chor.n because it is a condition

where the power sunply stability bscomss souwewhat questinnable,

. e . s__i‘c;



L i.1s3  Batteries

The temperature chosen here represenﬁs manufacture ratines,
Lobolos  Solar Cells

The upper limit provides 2n efficiency of 75 percent which is considered a
good desiyn value, The lower limit on the other hand represents a condition where
the bending of the cell to the alloon structure is impaired,

Lalin?2 Method of Analysis

The method of 2nalysis was to first determine tha orbii.l environment that
would influence the maximum and minimum temperatures., The internal and external con-
ditions that would exist d:ring the time periods associated with ground, launch, in-
flation, s*abilization, and stabilized crbit operation were qualitatively evaluatad
to establish the orbital envircnment which would most likely yield the hichast and
lowest temperature., The ultimate objective was to provide a basis for the gtantitative
thermal analysis,

Lhois2.1 Qualitative Analysis

The thermal environments associated with ground cooling and launch periods
do not offer any severe problems. Tn addition the period of time during inflation
should be of small concern, During this period the expanding 3ir and vapors will
reach low temperatures because these pases will expand nearly adiabatically, However,
siuce the mass of ras involved is small as compared to the total mass of the svstem,
*he ef’ective temperature rednction of the entire system will be of small moment,

The tumbling of the satellite during the orientation stabilization period
can produce the worst-worst space orientation. It appears then that the conditions
when the szatellite is oriented in a position so that it receives the preatest zmount
of solar and earth energy woul§ provide the hirhest skin temperatures while a position
where it receives the least energy from the surroundines would provide the lowest,

The orbiting plane selected for analysis is the ecliptic plane where the satellite
receives the maximum albedo when located on the sarth sun line, The plane 41lso oro-
vides a time in the earth's shadow which is maximum at all times for any 'iven altit-

ude., For the purpose of det:urmining skin temperature, a steady-state heat transfer-



was assumed to exist then the vehicle is located at either of the -ositions, ‘'There
the various component temperatures are involv:d, the phase lar and at‘enuition in
temperatiure chan~e during an orbitine condition as a rz2s:lt of the =nerry stored in
the comronent was sva.:ated,

~

Skin Temperature

]

lhJie2.2  Thermal Analisis

A heat halance for a point on the skin of the vehicle is shr::z in igure
li.l~1l. The main concern hers is the det rainntion of "ggte e outsrouth of the
analysic to dz*ernine this quantity is a temperatire or preperty defined 1s the
ilean zadiint Temperature (IMT). The value of the MRT is influenced by the external
surface properties, X o =nd €0 of the vehicle, 21%itude and rosition in orbit, Tt,
in turn, influences the sxin temperature and component teaperature because it ~epre-
sents, alons with the in*ernal surface co.aditions, the radiation back-roun” to which
any voint inside the vehicle is exposed. Oince it is iniluenced by the total znergy
received by *kz v2hicle, a means of determining this for a spherical vehicle was =i n-
vided. The model chosen for analysis is shown in Firure L =2, Tt is well to note
that asrodynamic energy was not considered in the analysis because at the altit:des
involved, this would b2 of small concern, In addition, the -rork Jone on the sat2llits
due to solar effects tras not involvzd becanse this vzhicle is a ri-id body and the
force cannot appreciably defect the toundaries, 1.2, no enerwry can cross the boundaries

f the talloon due to a dilference in force. Jnly radiation neat transfer was con=-
sidered in the 2nalysis.

The model chosen for analysis was based on the 'jork done in ’i3i. Technical
Note D-115. However, since the vehicle contains mnrs ihan one surfacs absorptivity
( a(s) and enissivity ( € ) a method of integrating the enercy over *he surface of
the sphere was provided. The sphere was considered to be made up of a number of "lat-
plates, The numher of flat plates was det:rrined br comparing the cal-ulation of IRT
for a sphere of uniform surfice conditions with the calc:lation nsinz the equation

in the above reference. Thz nodel chosen contiined 1) surfaces and ~rovided a 'MmT

within 2°C of that calculated sing the equations from the refersnced dncumant,

LINGT = SQIE|ED 4=17



L5 Squipment, Location and Fackaging .
“.5.1 Introcuction

During Fhase T of e sat-lilte study, svs'anm traden®fs ond erall
faasibility lave heern 2raliated from a packaging standpeint. A0 2r det paining prot-

ential problem areas, e fzasibility of providing reliahle ~eans of ovarcoming these
problens i3s U2s. Jenonstratzd. Tifder .nces in nack-coing concepts resulting from
system characteristics have ween cetermined o aid in the selectim of a control

syster. for *hase II of the study. The sreas cunzidered inrlude: struclural cone

~3tibility, w2ight 2nd inartia control, t-eraal balance, radiation -ro*sction, meteor-

4e542 Squipment Location

One of the first arcas in which a tradeoff exists is that of equiprent
location, Due to satellite orientation and reqvired inertia cnaracteristics, the
placement of power supply and etectronic packages differs with the type of control
system employed., ZEquipment locations for the Cual fiip and vertically oriented sys:ams
are shown in figure l:,5-1, ‘“ne dual flip is a sun-oriented svstem with either of tw-
hemispherical furfaces maintained nermal to the sun line, The solar cells are placed,
tnerefore, in two arrays, one per hemisphere, Str-ictural considerations dicts e place-
ment of these arrays at the intersections of two stif ening tibe telts. Thre rznaining
equipment. is distributed to provide equal meoments of inertia about any axis, consist-
ent with siructural and folding requirements, One method of accomplishire this is the
placesent of electronics and batteries at the remaining “our stiffening tnbe inter=-
secticns, The wvertical system is earth-oriented and therefore rasults in a variatle
satellite~-sunline relationship, To assure the.availability of solar cell power
assuming a random relapionship, six groups of solar cells are reguired., These cells
would be localed at the six intersections of stif ‘ening tubes, The elecironiec equip-
ment and battery pacitages are located at the stiffening tube intersectinns on the

vertical axis to obtain the benefit of rravity cradient effects,

1 1P T CCIRIED L-31
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An analysis was provided for the various electrical components located in-
side 1..‘3& balloon. In order to detemina the maximum and minimum temperatures, a
,,pnea] e]ectrom.c package was used for analysis and is shown in ’-‘igure L. h—3. It
is to b3 noted that there are two conditions that can axist whare the thermal coup-
ling of the components to tha skin of the sphere is different. (1) ihere gas con-

duction along with radiation heat transfer can exicst, a nd (2) “Where only radiation

. coupling 13 concerned, The fermer can exist during the early life of the vehicle

while the latter will occur when iittla or no gas is present. The main concern here
is to provide a thermal design where the watt density, pasc«age density, and isolation

from the skin ir sufficient to take care of both high snd low teajeratures whether

.gas 1s, or is not, present,

o
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Figure 4.4-2 Geometry Used for Determination of Energy Gain

Three different situations must be evaluated with the vehicle in an orbit-
ing condition, i.e, .

(1) Random orientation of the vehicle where gas is present within the -

‘ spherg

(2) Stabilized orbit with gas

(3) Stabilized orbit with no gas.

The former was considered to be similar to a dual flip system where no fi:lp
occurs while the latte;'_wa;cohsi».de'red to be the earth orianted situaiion, The ana-
lysis provided a set of five equations in five unknowns. This was reduced to four
equations by considering the MRT as a s*ap-tunétim. In order to make this evalna-

tion, however, it was essentisl to first mrovide a vehicle with a design MRT. Because
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Figure 4.4~3 Typical Electronics Packags

of the long time in the sun, a design goal of 10°C was established for this preperty,
the value being seiscted on the basis of 500 watts of power and a package density of
20 pounds per ft.3. -

holie3 Selection of Thermai Proparties of the Sphere

The properties that influence the MRT of the vehicle in most cases comple~
mont one aﬂother in such a fashion that anything that serves to change the MRT changes
all other tempsratures in the sawe direction, The exception are those associated with
the area and internsl coupling; that is to say, that internal emissivity can cl;mnge
' ﬂu surface tempsrature withcut changing the MRT., In addition, the internal emissivity
can reduce the hot spot temperature while at the same time, raise the cold spot\. The
thermal properties of the system, however, do not explicitlr defins any cf the tempsrature



control points. liorecver, the conpetition betwsen the high and low limits imposed on
the varicus conmponents coupled writh the ranre of orbital requirenents ypreclude any
set of circumstances 3s da2s‘sn point, One then is conlronied with the task of not
only evalusting the ms.-iitude ancd variation in tenperature as in“luenced by the ther-
mal désign parameters, sut at the saie time, one must optinize thesé variables to
values which are :ttainsble in practice,

Tor this reasen, a stap-brsitep avalustion of the various Faran=ters was
made beyinning with an #rhitrary vehicle with L surfaces, The extornal absorptivities
and ejissivities ware fived at what was considered to be practical values and the

~areas of each'surface was szt Lo he equal -hei projected norml to the sunts rars,
The altitude was fixed at 15CC n. mi,
Step one ~ was to change the (éfi) interral eitissivily, The rssﬁlts, Tieure }.E-L,

n ho*t gpot or increase in cold spot would

pote

of tais indicates that no great reduccion
occur when the é;i was graater than .5, i.e. one can only expect margimal wains,
Step two ~ fhe afea nermal (Ei) to the ::n was varied while that “acing the earth,
(3,) remain;d fixed. The & - «50. The rasults are shown in Figure !;.!:-Sa‘. snce
agsin; only marginal‘caihs were attained when “31" wa3 reduced below i35,

Step three - Two different conditicns were svalnaied, i.e. with 3 152 ané LF°, 3

1&

was varied. Figre L.Lk-S5b indica'es that some large gains were availahle, The lowest

2

temperature was attained when the vehicle apgroaches a two-surfscad condition,
3tep four - 7ary outside enissivity. The desire for ¢mainics to 'ise a two-surface ve-
hicle wheve one side was a Jiffuse absorber (A), and the stker side 3 di7Mse reflecior

(2}, led to adandoning the four-surface configuration (Bl =R = 0 Tor this case).

[\

Figure L =6 s:.ows thre res:lis of varring the eaissivity of th: diffuse sLcorber side.
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fgure L7 indi:ales the’effect of varying the eﬂissivity of the diffuss
side wite €, = .90, _

Step five - In order to ascerizin the ef:2~t of orientation an? tc assure that the
highest and lowest tsmperatwres wers 2valiated, the vehicle was evanined for all
positions ur arpgles to the eart! svn line at the points defined as desicn conditien,

However, to re-oce both hot spot and iRT to the goais desi-nated, the e:i was increased

<1 *ri-eC TIEn . -4
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Figure 4. h-lo Influence of Inside Emissivity on Sidn Temperat.ure

t0 .90, In addition, the € R " .50, Figure L,L-8 indicates these results, It will be
noted that the position examined produces the highest temperature,
Step six ~ The design as selected above was examined for the effect of altitude. Figure

4.i~9 shows this effect,

- The overall results indicate that with the best practical thermal surtace, the

-hot spot can be aatisﬁed under all conditions of orbit, The cold spot condition can
. only be satisfied at the lower altitﬁda (500 N.M.). The MRT is alwiys beyond the design
conditions but never exceeds the maximim allowable component t.éaperat.;xre s this of
course merely infers a design condition, The cold spot condition then appears to be
the only concern here, However, as indicated, improvements in both laminates and
Joints have been inferred by manufact{;ura of the laminate. The only factor in
question is the reliability of the tests that hnv; thus far been performed.
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Figure 4.4-5 Influence of Bl and 52 on Mean Temperature

Lok Evaluation of the Components

Several typical packages of the electronics and batteries were evaiuated
both in the operating and quiescent state. In addition, the solar cells were eval-
unated with different thermal coupling and masses. The resualts of this analysis are
shown in Figures L i-10 and L,L-11, This analysis was accomplished at 1500 n, mi,
In ordsr to compare the restults cf the analysis, a tabulation of the various goals
and conclusiors is shown in Figure L.LW-12,

hobo5 Conzlusion Regerding Feasibility

The vesults of the analysis indicate that the passive communication sat-
ellite is feasible in every respect except the low temmerature at the higher altit.
udes. It does not appear that any thermal design can be achievad that satisfies all

conditions, and at the same time raise the cold spot to the low temperature limit
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Figure 4.4-6 Influence of Emissivity of Absorbing Surface on Temperature

1imit imposed on Eche II material. iiowever, it is not a .fundamental limit since
newer laminate and joining procedures have shown up well at much lower temperatures.,
Soma reliable tests under thermal faticue conditions s i0uld be done %o lustify low

temperature cperation.
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ELECTRONICS TEMPERATURES AS |NFLUENCED:
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—— LIGHT WH, PKG, ~2. \Lss/FT’-
160 ——— HEAVY WH. PKG. ~4.21BS/FT?
:I{ —-~— BATTERIES ~ 8.0 LBS/ FT?

80

GAS CONDUCTICN

. COUPLING y

#—:.:’__—; ‘—:K\K
/’ - o
N MEANT=10C ;
GAS CONDUCTION / g
COUPLING {
|
-
-120-+ '
'le““‘*““—*’% LlilJlll bbbt IILJLL11¢1
1.0 3 ) 4 0
, ORBIT TlME HOURS i

Figure 4.4-10 Effect of Package Dersity .n Temperate of

Components During 1.500 SM C.bit

SO PrrSe tm - -
P -



L _SOLAR CELL  TEMPERATURES
" SVING SECO MIUE CRB/T

/00++ €L = /

' ‘30‘&{5“‘/ “““61:.9‘ 3 /
&~ eo\Z2Am - - \ lr/
A A e e
20 / I
§ o A\ / . L :
N AN /5 AN -
N T s : /
A -0V : A :
8 o N [—
§ "80-" I'?Ts ——h—-a———-——--—.«\._ J(.o.__._
N /00 \Jmi \:
120 f——X : e
- /40 N N
"0 70 20 20 40

AOURS

Figure 4.4-11 Solar Cell Temperature During 1500 NM Orbit

TR 429



TABLE

CSLindARY OF TILORUAL LNALYSIS

DESIPTED 3OALS . LoOSULTS
Teaperature
°C Vaxirmm | Minimim HMaximum Ainimum
Skin 30 =100 RIS ~150
Components 60 ~1C% 33-A0 C to =L
it 10. - 31 -
Dattery 100 G 12-20 6
Solar Cells | 10C ~15 9l -55

Table L.li.-12 Summary of thermal analysis
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EQUIPMENT LOCATION.

DUAL FLIP SYSTEM : VERTICALLY ORIENTED

{
BATYERY
EUCTRONICS ) soLaR  BATTERIES

OLAD, SOLAR
SO.‘.ELL CELL
ARRAY ARARY

> EVECTRONICS

VER TICAL AX\S

Fisure 4.5-1 Equipment Lecation
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k5.3 Forque Coils '

- Materials and !.echniques.for providing tne necessary torque coils have been
invesitigated durine Phase I.- To determine the most feasible methl:d of mounting t.hei
coil;‘: to the satellite, ‘various types cf coil material have been evaluated, including
lin§ wix-é, solid circular ccoductors, flexible printed circuitry, and the use of sat-
ellite st Lure for coil, The properties of —common metals were also comparsd to
determine the optimum coil material on a wsight/conductn.v:.ty basis., Re= glts of \.hese'
~ studies indicate that the co1ls should be constructzd oi‘ aluminun for minimum welzht.
Gonnections to aluminum co‘:ductors appesr "easible using laser and ultrzscnlc welding
-. tecnniques; however, use of more conventional techniques would be allowed‘iz‘ copper .

coils, witn their corresponding weight penalty, are used, The most feasible coil

schemes are:



(1) Cementing 3 4il thick “lexible rrinted cirtaitry to the inside akin in
the vicinity of the stiifening tubes,

(2} °’tilizing the irner alumirum Lamipate of the stif“ening tubes as con-
ductor,

* heS.h Size and Construction of lectironic Pacxares
!

The a-:lication of electronic equipmert %o tra satelliie can he accoaplished
by utilizing a number of small {lat nackases; interconnect=d as necessary with .5 -il
thick flexible prirted ~irccitry. The size and construction of the =lecircric pack-
ages appears to te rastricted by structural and folding requiierzents and.will be in-
de:pendent of tha method of ccnirol. I the drop ri-zat :'et'r_md of folding is yegarled -
as tyvical, permissiole package sizes may vary frem 12" < 12 x 1" tc 13" x 180 x 13
with 7: aaximus weight of approximately two pounds per package. As shown in Ficure

li.hi=-3, the packages will consist of combinations of conventional and functional block

céuponents encapsulated in rigid polyurethane foam for structural suppost snd environ-

mental nrotectian,

- L N
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4.6 Radiation and Meteorite Shielding

4.6.1 ~ Radiation Shielding

Both the vertically oriented and dual flip satelliies contain a large
number of semiconductor devices, which are irrerently susceptible to r;diation
damage. The effect of Van 2llen belt, atomic testing, and solar flare radiation
on semiconductcr life has been determined as a functioa ¢f orbit altitude and is
shown in Figure L.6-1. From this data, required shield weignts and thictnesses
have been calculated for various orbits taking in%o consideration component derating
to realize benefits of exposential performance degradation. Tpe results, s/howé in
Figure 4.6-2, indicate that shieiding sufficient to proviie a five year semiconductor
lifetime is feasible. However, due to the high energy proton regiorn of the Var Ailen
belt, orbits ranging fram 800-3000 miles in aliitude require radiation shields 5-10
times heavier -than those required for a 500 or 3500 mile orbi:i. (For a shielded
area of 4,000 inz, shield weight varies with altitude from 15 lbs. to 145 lbs.) The
shielding problex for this project differs from that normally encountered in the
design of sateliite electronics in that thermal and structiural requirements dictate

2 high ratio of shielded area to shielded mass. The unique situation develoos in

_.———"which shield weights may be many times the weight of the equipment shielded.

4.6.2 Yeteorite Shielding

Regardless of control system, consideration must be giver. to the problem
of meteorite damage. Failures caused by breakage of interconnecting wiring can
easily bé elininated by reduncant wiring. The electronic packages, however, must
be exahined in detail to determine the probgbility of penetratioa to component
depth. Data fron the Explorer W Satéllit,e » presented in Figure 4.6-3, indicates
that thé number ¢f penctrations -observed i3 approximately 1/10 of that anticipated

ueing the VWhipple flux and Bjork penetration criteria. On the basis of this data,

-electronic components surrounded by a .040" aluminum radiation shield and embedded

in a minimm of ,31" poly:&ethané foan would be adequately protscted against

meteorite penetration for the required 5 year life.
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4.7 Reliability
4.7.1 Assumptions

This study was to compare the reiiabilities of “he two systems ana :lso
to determine t.ie expected probability of mission success as compared to the desire@
probability of success. 1In order to do this some assumptioms were required as
being applicable to bcth systems. These included:

tse of Integrated Circuits - Because all of the circuit elements and interconnections

are all contained on a single chip. it was asesimed that an I.C. was one part and not
the sum of the elements contiined on it.

Each System is a Pure Series System - Thus the failure rates of individual subsystems

were totaled to cbtain the entire system failure rate. failures were considered io
occur at random so that the exponential distribution of failure could be applied.
Failure Rates - The failure rates used were those which were best substantiated.
For conventional parts iu the equipment, stch asrresistors and¢ diodes, Mil-kandbook
217 rates weré applied. The rates chosen were the avecrage failure rate goal set by
the manufacturer of Minuteman parts. Some of these goals have been achieved; all
appear to be in the foreseeable future. The failure rate applied to Integrated
Circuits was .01%/1C0C nours per flat pack. This failure was based on one year's
testing by the Signetic Corp. More optimistic rates were predicted but no substan-
tiating data was found. |

Launch Phase - For purposes of this study, the launch phase portion of the mission
was not considered. The success of enduring this portion of flight 13 basically
.dependent on manufacturing and packaging'techniques and has been successfully
demonstrated many timee, - *

4.7.2  Comparison of Systems

4.7.,2.1 Method of Comparison

The desired mission was given to be a minimum of 5 year life with 90%
probability of success. In order to achieve this goal, a system would be required
to have a failure rate of .2397%/1000 hours. Tnis is approximately % the failure

rate which can be expected in an airborne radar receiving tube or the failure
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rate of a paper capacitor in a fire control radar.

A parts ccunt was made of each subassembly of both systems. The relative
complexity of each subassembl> to the entire system was determined. Based on this
degree of coaplexity, 2 required failure rate for each subassembly was then computed.
These totuzled to .2397% 1000 hours. These computed failure rates are the ones which
éach subassembl:’ must have in order tc meet t.e 5 year life requirement. This also
implies that no redundancy or other improvement techniques are used.

To determine what could be expected, each part was assigned an optimistic,
yet substantially realistic failure rate. These were summed and compared to the
desired syster requirements. As can be seen in Figure (.7-1 the expected failure
rate for the dual flip system is approxinately 38 times, and the vertical system
48 times, greater than .2397%/1000 hours reqnired. Figure 4.7-2 shows the total
system failure rates which would be required for a life of 1 to 10 years with a 90%
probability of success. It can be seen that for each added year of desired system
life the failure rate is 1 that of the preceding year; For a system to meet the

4goa1 of 5 year operation and Ps = ,9 it would have to have an MIBF of 417,143 hours.
Tigure 4.7-3 indicates various MTBF required for 1 to 10 years ojeration.

4.7.2.2 Results of Comparison

Using the reliability equation, R = e- At where A is system failure

rate and t is the srstem mission time, the following probabilities of success were

} obtairzd.
1 year 5 Jyears
Dual Flip R = 4i3 R=1.7%
Vertical -R = 36% R = C.6%

Using the same equation and assigning an R = 90% the life expectancy for the two

3ystems are as follows:

il

- Dual Flip = 1133 hours or 47 days

"
u

Vertical 902 hours or 37 days

Fiqure 4.7-4 can bs used to compare these results to other satellites. Figure 4.7-4

represents data from 49 satellites out of 18,4 Attempted launchings. Thirty-three

1 '~ LY Remay [
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COMPARISON OF COMPLEXITY USING
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Figure 4.7-1 Failure Rate Comparison

of the 49, or more than one half of them, had failed in less than 4 months. Failure
is defined as being no longer capable of transmitting any useful data from any
experiment on board. Initial or partial failure occurred much sooner than this.

4.7.3 Reliability Growth Potentials

The inherent characteristics of the Orbit Position Control system will
permit and foster the reliability growth potential of the system. The system is
predominately digital in nature with no items experiencing high elect’i'ical £ sses
and hence of greater reliability. Mil-Std-756 emphasizes the expectation of improved
item failure rates when used in digital applications. Cepitalization of the basic
reliability features of the design has been obtained by minimizing the electro-

mochanical part applications in the system to two non-critical relays and by elim-
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Figure 4.7-2 Failure Rate Requirements

inating failure prone decision switching functions. The life of the systém,
especially important for an Orbit Position Control system, has been enhanced by
reducing those parts in the design where an early life wearout mechanism exists.

Full attention can now be devoted to those parts where a known wearout mechanism
exists, such as in the power supplies and sun sensors, to eliminate this

reliability problem. Perhaps the greatest reliability growth potential feature

of the system is the eﬁensive ‘use of mteérated circuits. Use of integrated
circuits permits redundancy of critical circuits with negligible penalties in spa:e
and weight requirements. Thus the inherent characteristics of ths system will foster

reliability growth.

TR L Hl .
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Figure 4. 7-3 MTBF Requlrements

L.7.4 Redundarcy
Possibly the area wherein greatest reliability gains can be made is
through the use of redundancy. Preliminary studies made indicates that the desired

mission of 5 years life with PS = 90% can be achieved through considerable redun-

dancy. This study is as follows:
Assumptions made include those stated in paragraph 4.7.1 plus th

following: (1) The number of redundant units, x, is such that there is equal

probability of system failure fr.m each of the subsystems. (2) A\l redundani units

are active although only one is required for system operation. (3) No allowances
were made for interconn.ction or interaction of units. (4) One entire sysiem is

composed of 10 subunits. The number of redundant <nits is such that their combined

)



-/

TIME TO COMPLETE ELECTRONIC AHLYRE OF JATELLTES

/0 7O 30 MONTHS
4 70 /O MONTHS. ] |
/ 7O 4 MONTHS ~ T T I )
JIEERTO ) MONTH IR iﬂ

/ DAY TO / WELK &

MORE THAN F0 MONTHS E

o} 4 8 /2 /6 20 . 2d

L GUIDANCE FAILYRES -NVOT COUNTED
2. FAILVEE TO OPERATE FOR AT LEATT ONE Dﬁ V-
NOT COUNTED,
3 OB/ LIMITED LIFE SATELLITES -NOT COUNTED,
A OWLY TOTAL FAILURE GRAPHED (AR TAL /,4/1.//&:

“TIHME MUCH SHOCTER)

. NOTES (04;:4 REPRESENTS 9 SATTELITES ouT Ci /89
Afrfﬂﬁfio LAUNCHINGS )

Figure 4.7-l, Satellite Failure ‘History

1/10 _ 1,10

.9 = ,9895, With these

reliatility is just sufficient to exceed (PB)

assumptions and using the equation for parallel-series circuits

= [1 - (- P)"]N

where P .9, N =10 (1 - P) = failure rate of 1 unit., We obtain the following

5 =
number of redundant units:
Receive . 3 3
Decoder 1l 1
Data Storage 6 6
D-A Converter 3 3
Clock 2 2

T B T T : =42



Unit Dual Flip Vertical
Cross Multiplier ' 6 25
Sun Sensors 15 15
Damping Circuits 8 -7
Torquing Circuits 4 L
Power Sup»hly 7 7

Le7.5 Sugezsted Approach

Figure 4.7-5 lepicts projiscted failure rates for integrated vircuits.
This improvehént over today's circuits, plus the increased application of their use
can only lead to improved system reliabiiitv., However, considerably more than over-
all reduction in pereric failure rates is required for reliability improvements. ‘The
advances made in parts and their selection for the applicable system has been clearly
demenstrated by the Bell Telephone Company in their Atlaﬂtic teiephone cavle, In
brief, a three-phase program extending over a iong period of time was their key to
guccess. This program required:

(1) Proof of relizbility rotential ~* each part itself. Fach rart is
severely tested for mechanical durability., These tests would be more severe than
the part will endureduring launch. They are then subjected to sn equivalent proton
and electron hombardment which they will experience in the satellite orbit. The
parts then are evaluated to determine the reliability potential of the design,

4(2) The second step is a screening and pre-aging phase to ferret out
those parts not rejected earlier by quality control., All parts are subjected to
mechanical shock and vibration tests. A portion of them is then selected for temp-
erature test. The median temperature for failure-is ﬁsed for lot control and compar=
ison, All parts receive a short term of high temperature aging.

(3) Parts which are acceptable through Phase 1 and 2 are then placed on
an extended life test simulating in-use coaditions. The ~uantity of parts in these
Lests. 1s many times greater thah will he<}equired in the system. During life testing,

the part!s “haracteristics are fraquently measured, Thosa parts exhibiting no change
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Figure 4.7-5 Projected Failure Rates

of characteristics during test are chosen for use in the systiem.
This conservative approach to the problem of parts selsceion has been proven
successful,énd coincident with an inherenily reliable design offers the greatest prom-

ise of meeting the long life requirement of the Orbit Position Control System,

Lo 445
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L. 8 ORBITAL COMPUTATIONS

4.8.1 Orbit Determination Program
In order to study the effects of solar pressure on a spherical balloon

type .satellite, a digital computer program origsinally developed by the University
of California Iadiation I.la.bora't._ox'srl vas moditied and ased. This program, in its

"cirirfinal form, perfcrued a Cowell's method integratien on the equations of motion --— -

and provided upon option the iinclusion of the eart.h's bulse, at’ .spheric drag, and

the rravita*lona.l effects of the. sun, moon and other planete.
Since Cowe..l‘s method does not lend itself to the accurate computation

of a large number of orbits, a more accurate method was needed D \.ke s method was-

gposan because of the relative ease of program conversion and the gre’a;t\ar accuracy

that it offered. The program was alsc modified to include upon option the =ffects

of solar pressure on a uniformly cuated sphere and the effects of direct solar
- o - .
Fréssure, earth smitted pressure, earth reflested pressure and reradiation pressui=

on a patterned satsllite.

A macro diagram of the program in its prcsent form is shown in flgures

—H"l;’.e-l and 2, This diagmm by no means shows all the details contained in the

-9 pt:ogran tut is intended to show in general how the program is implemented anc

i t.}~e order in which the computati.ors are made. —The program in this form was used

t.o mke the maximum eccentricity and mobility computation. which are described’
latsr. _
These computations’ pertaining to- the force table c»ption will be
explained in detail in section 4.8.4. -Amsociaved with the program are a set
“~of ephemerus tapes. "fheée'are(mg;xetic tapes containing ephemerus information
of the pertdr‘oing bodies (sun, moon, etc.) for the years 1800 A.D. through 2000 A.D..
The integration routine used by the program serves a dual purpose. ‘

Desides integruting the squations of mction, it also acta in a monitor like fashion

e Y ~ o R
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Figure 4.8-1
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controlling the flow through the prograr. Three separaie exits from the intocration
routine are provided ard prorram flow is contrelled accordirecly., One exit path is
taken wherever derivatives are n->»ded for the integration procedure, ana, i.sn:ze,
f.ﬁis osath rust cortair the evaluaticn of the perturbing forces. A second exit path
is talen after éach successful interraticn step. The ithrid exit path is taken

when the value of time becones egral to an ar,ument of the sutroutine called TP.
Operations which must be perforred at some specia) time such as outputing and up~
dating of the erhercrus information are inciuded in thkis path.

The interration routine itaelf uses a fourth-order Runge-Kutta technique
with an autoratically controlled step size to perform the intepration over one step
within specified errcor limits,

v _ Ir Ancke's rethod, ncminal position and ‘velocity vecters are calculated
at each timerpoint fror the set of osculating elements. Only the deviations from
the ncninal are inteprated as-a function of the perturbinr forces. The quantity q
is 8 measure of the deviations from nominal. If this quantity becomes greater than.
.5, it causes an infinite series expansion to divgrre: and the computations to blow‘
l;p. In order to prevent thLis from happening, it becomes necessary to periodically
reset the deviations to zerc ty calculating a new set of osculating elerents.

Based on #peﬁmntation with a set of runs, it was found that reséting the
deviations whenever q tecame greater than 10"" provided the test corbination of
accuracy and nﬁchine runnirs time.

The other bodies ortion can be used to include the perturting effects
of ‘t};e sun, mcon br other planets. The pexturbat@ons are calculated in the

" followine manner
- . 2 > T T
- Pa=V KTV (T4 - T Ty
G 1 -1-3——
51 Ci T§
wher: ;i is the radius vectcr from the center of the earth to the ith ﬁert.urbinp

body: T is the radius vector to the satellite and ¥y is the rass cf the ith per-

turting body.

- vy
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The bulre option of the program includes the eftects of earth's bulge

calculated from the second spherical harmonic in the tollowing fashion.

3"32“35 L (§)2%(5- 5?2) J
where J, is the coefficient of the second harmonic of the earth's potential function;
C is a constant vector with components equal tc 1, 1, and 3; and R is the equatorial
radius of the earth.

The drag option of the pregram calculates the perturbing force due to

atmospheric dras in the following manner.

Fe-ir e B VT
where Cp is the coeff;Lcient of drag of the satellite, £/ 4.) is the area to rass
ratio of the satellite and V is the velocity vector of the satellite.

4.6.2 -Comparison witn Echo I Coservations

& comparison of program resuits using the unifor: spherz option with
Zcho I observations offered an aexcellent means of checking the accuracy of the

<
4 ft.’sec was calculated for the

prerrat. A force to mass ratis of 1.94 x 10
Sche I and put into the program along with’a published set of orbital ¢ﬂ.€L¢.=;r.-1ex1’c:s2
ag a starting point.

The results of this comparison are shown in figure 4.8-3 and L. The
solid black lines are the published ZEcho I orbital elewents while tihe broken lines ’
are the results of the computer runs. As can be sesn all the elerents appear to
compare very :losely out to !) davrs with the possible exception of inclination
gnrle which is on an exagperaved scale. Furthermore, the compariscen remains fairly
close out tc &0 dars whe}'a the period bepins to decay more rapidly. In particular,
t,he: rizht asc_ens#on and arjurent ¢ the perigee compam; almost exactly for the
enl.ire length of the run,

A large rumber of Fhenomenon .culd have caused the deviations between

the predicted and observed elements. hmong them are the variations in the solar
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flux field, the neglecting of the secondary radiation pressures or the loss of
accuracy in the integration prccedure, It is very difficult to determine which
cne or which combinatiop of these phenomena is causiip the deviations. There
are indications, however, that the integration does lcse accuracy after some
period ol tire. From these resulte, accuracy appears to te very rood cut to

40 days and reascnably good out to 60 days.

4.2.3 laxirum Scgentricity Computations

In order to attain efficient staticn keeping of a set of satellites
stasrered in approxirately the same orbit, it becomes necessary to raintain the
eccentricity of the orbit within some acceptable limivs. As the eccentricity of
an orbit becomes larger, the angular differences between two satellites vill vary
more ond ore. For instance, a satellite in an ortit of eccentricity equal to
.05 may arpear to move as much as 5.5 degrees with resgect tc a sateilite in a
circuler orbit with the same semi-major axis. Furthermore, two satellites in
oroits with the same semi-major axis and eccentricity of .05, but with the argurents
of the perigee~180° out of phase ray.appear to move as much as 11 degrees with
respect to each other.

These fifures show the necessity for maintaining the satellites in
,a; nearly cir-ular orbits as possitle. ’For this reason ccmputations were made
in order to estimate the macdimum eccentricity which could be expected as a
vfuhctiOn éf orbital inclination, satellite weipht and satcllite altitude.

Cbviously, the besirway o calvulate the maxirunm e:céntricity would te
to nse the orbital rrediction rrcpram with the uniform spheru opticn, £ circular
orbit would be used as a start.ing point and the program would te run until a
maximur eccentricity had been. reached. However, this is not practical for twe
reascns, First, since the period of the eccentricity is so long (typical nurber
.is 200 days), ths amount. of computer time needed for a run ofrthis type tecomes
rrohititive, Seccnd, also tecause the period of tlie eccentricity is so long,

a loss of accuracy in the integration procedure occurs after a period of time

and the results become meaningless,

I *" GQIE N I B2
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For these veasons it became necessary ‘.0 approximat~ the maxdmum
eccentricity in some marner. From the Echo I observations and frcm other compuler
runs, it recams apparent that the eccentricity of the orbit varied between maximum
and mirirum values in a very nearly linear fashion. The maximum eccentiricit» can
then he estimated by calculating the period of the eccentricity and extrapolating
the slope of the eccentricity up to its maximum point.

The methcd for calculating the period of the mccentricity is illustrated
in firure 4.8-5, If the circular orbit shown by the solid circle is used as a
starting point, then initially solar pressure will add energy to the orbit in the
vicinity of the point P. This will tend to create an apopee at a point 180-degrees
away., Similarly, solar pressure will subtract energy from the orbit in the repion
of the orbit opposite the point P, thus tending to create a perigee near the point
P. 1If both the ortit and the sun were t~ remsin stationary in inertial space,
it can be seen that the eccentricity of the orbit would keep increasing indefinitely
and would soon become too larpe to be able to control the relative positions of a
_ set of satellites.

However, the pcint of the perigee moves with relation to the sun line
due to three separate considerations. First, the precession of the ripght ascension
rauces the peripee tc rove at a rate O with regpect to the sun line. The motion
of the argument of the perigee also causes the perigee to move at a rate & with
regpect to the sun line and thé apparent motion of the sun causes the sun line to
move at a rate w with respect to the perigee. When the combination of these three
motions have caused the periree to move 180 degrees with respect to the sun lirs,
the solar pressure torce will begin subtracting energy in the vicinity cof the
periree and adding energy in the vicinity of the apopee thus causing the
eccentricity of the orbit to decrease. Thus the period of the eccertricity is de-
fined in the following ranner.

G+ - wg) Py = 360
- where Pe is the period of the eccentricity and all the angular rotations are defined

8s positive clockwise, This estimation procedure was tried on the Echo I data and
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the results arreed very closely with the observations.

The ortital prediction program was used with the uniform srhere ortion
te deterrmine the slope of the eccentricity and the rates of motion of the right
ascension and argrucent of the perigee. Tigure 4.8-6 shows a curve of maxinum
eccentricity versus ortital inelination angle which was calculated by this pro-
cedure, These calculaticns were all made for a 200 foot dizweter balloon with a
weipht ratio of about twice Echo I or 2000 pounds.

The rerion around 30 degrees where the raximum eccentricity lLecoumes
very large is caused ty ithe resonance condition:

G+ - w =0

For this situation, the argument of the peripee effectively remains
stationary in inertial space with respect to the sun line and the eccentricity
keeyus increasing indefinitely.

The curve shows that for this particular altitude of 1500 miles, the
region around 60 degrees would be best for maintaining circularity of the orbit
while the region around 30 degrees is rot practical for station keeping purposes.
Since the region of resonance is a function of altitude, the inclination angle of
lowest maxinum eccentricity will alsc vary as a function of altitude,

In fipure 4.8-7 is shown a curve of maximum eccentricity versus satellite
weirsht for a 200 foot diameter ballcoon at an altitude of 1500 miles and inclination
angle of €0 defreey. As can be expected, the maximum eccentricity varies inversely
with the satellite weirht. OF course, the ability to control the satellite also
varies inversely with satellite weirht..

L.8.4 Mobility Study

In order to study the degree tc which a particular sgtellite can be
controlled by solar pressure forces it is necessaéy to calculate both the marnitude
and direction of the direct soiar foées, the earth emitted forces, the earth
reflected forces and the reradiation forces on the patterned satellite as a

function of the position and ordentation of the satellite. Since the calculelion
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cf all but the direct solar forces take a relatively large amount c¢f computer
tinme, it would te impossible to compute these forces directly in the ortit
deterrination program, Thus it became necessary to develop 4 tabkle of be'h
direct solar forces and the secondary forces which would te peneral enouph to be
used for any positic: and crientation that migh: be encounterec.

The methed chcsen was to calculate the forcss on a satellite in come
reference crrit whiczh cculd then te related to any cther ortit at the sare
altitude. Ir order to do this the reference orhit must he chosen 1> te in the
rlare of the sun line such that the points qf equator cressings are at 90 decrees
to the sun lire. The forces on a satellite in this crbit can then t= precomﬁuted
ard stored in a table. Ir order tc cover all possitle positions ancd crientatiors
the table rust cortain forces for orbit angles from O tc 180 deprrees witih respect
to the sun line. For each ortit angle the table must also include forces 7a2l~
culated for angles from 0 to 360 deprees batweon the axis of symietry of the
satellite and the velocity vector.

Ir actual computation an equational ortit with the sun directl; over the
equator is used as the reference ortit., The fcreces are rrecorputed in a satellite
centered ccordinate syster which has the radius vector, velocity vector and norral
as the x,y, and z axis respectively.

In fipure 4.8-8 the rettod cf relating anyv position and oreientation tc
the corresrondinge one in the reference ortit is iliustrated. The crcés-?atched
area of the firure represents the hemisphere cf the earth that is in Jariness.

As can te seen the pattern of sunlirht on the earth is symmetrical with respe~t
to the sun line vector ;s‘ The point S is some point ca an ortit to be corres-
porded to the reference orhit which is shown as the equaforial orhit. Consider
for the moment a sphere of uniform surface coating, Since the sunlight is
syrmetrical wi?b/respect to the sun line, the radius vector r if the satallite
could b§ rotated anywhere around the sun line without Qhanyinr the rattern of

sunlirnt that the satellite would see, Hence a position in the reference ortit
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NS
at an angle O with respect to the sun line where © is the angle between the sun
line and the radius vector would see the same pattern of sunlight on the earth.

The angle O is easil;} obtained in the following manner:

0—cos J

However, with a ncnunifcrm satellite the different surface coatings can
have varying porticns exposed to the sunlight pattern on the earth. 1In a vertically
orie..ued sontrol system fcr near circular orbits the rctation cf the satellite
rattern wits respect to the sunlight pattern on the earth has conly one degree
of freedor:. Hence, the angle J betwsen the ..cis of symmetry (velocity vector) and
a rreat circle through the sun line will descrite the orientat.on of the satellite
in tle reference orbit. ,

. . In figure 4.8-9 is shown a8 cutaway view of figure 4.8-8 in the plane
cf the sun line and the radius vector and a sAde view of that in the plane cf
the velocity vector. The vector a represents the direction of the grea.t cirzle
at the point ‘of intersection with the radius vector and can be calculated as
follows:

a= r r.-r -
s
rscosO

The angle @ is then the angle between the vector a and the velocity vector:

v

d = cos™t [ a e

Since four quadrant resolutior is needed on the angle d a seccnd vector
t can be rade perpendicular to toth the radius vector and a by taking the cross
product :

=rxa

)

Then if the anrle between b and the velocity vector is less than GO degrees
the anrle & will be in the third or fourth quadrants.

Ifﬁ'»-;\' then ¢ <0 N
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This procedure then pives the forces cn the satellite ir. the coordinate
system of the reference crlit. In order to be used in the orbitzl prediction
rrorrar the forces rust he transforred into a peocentric coordinate system. In
fifure 4.8-1C are shown the Lhree rotations which mmst te made in the transfcrma-
tion. »

The first rotation made is a clockwise rotatiorn atout the z' axis threug:
an angle 90-6 derrees. This defines a doutle prire coordinate systex which has
jts x axis in the plane of the egquatcr, >I£‘ next a cleckwise rotation about the x"
axis throush an angle i, which represents the inclinatioh of the reference crtit
with respect to the equator, is made & iriple prire coordirate system -i>s> cdéfined
which has both its x and y axes in the plane of the equator. Furthermore, the y"
axis will be parallel to the projecticn ci the sun line in the plane of the
equator. Thus a final rotation about the 2" a:ds thréugh an anglie l, which is

> defined as the anle betﬁeen the sun line and the positive y axis of the geocentric
coordinate system. The angles i and 2 are expressed as follows:

r
= s]‘_n-l (—SE
Tg

"3

= = tan‘l(—rk )
T
Sy

and the forces can he transformed to the feccentric ty:

F=1

- W
e Li T(m) -
where F' are the forces in the reference orbit gyster, T are the fcrces in the

geocentric sgystem ana 'I‘,}'I‘i T ig:
»

(90-8)
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cos 7 sin © - cos .. ces @ sin 2 sin i

-sin 7 w5 i 30 -sin .. ces i sin ©

= sir .i sin ©@ -sin .. cos O -cos 7 sin 1

T T. 7
«“ 1 -~ . <
(70-0) +cos X ccs 1 cos @ +cos 2 cos 1 sin O

sir. 1 cos O sin 1 sin O cos i —1

The model descrited above has teen used to rake corputer runs showing
the magnitude of motility which can te cxpected. 1Ir the runs shown here only the
direct solar force was included in the force tatle, This, however, is enough tc —
show the degree of motility which can te expected since the tctal motility car
te made either preater than or less than that calculated with only the direct sclar
forces by adjusting the coating parametérs.

In figures 4.8-11 and 4.8-12 are shown the r;asults of two motility runs.

)These runs were made or a herispherictlly coated satellite with ex;issi’v:lt.ies of
.90 and .50 for the two surfaces. The satellite was started in a circular ortit
with an altitude of 1500 miles and an inclination angle of 45 derrees and allowéd
to run under the vertical control system.

Two separate runs were made with the axis of symmetry of the satellite
at C and 180 defrrees with respect to the velocity vector. lhen the hemisphere
with the hirher emissivity is directed along the velocity vector the sclar pressure
forces tend to decrease the energy in the orbit, thus increasing the period of the
satellite and causing it‘to appear to slow down with respect to anothe;' satéllite.
‘mis' confiruration will bte referred to as the slow mode. Similarly, when the
hemisrhere with the lower emissivity is directed along the veloecity vector the -
solar pressure forces tend to increase the eneryy in the orbit, thus causing it to
appear to speed up with respeét to another satellite, This confipuration will be
referred to as the fast mode. .

In fipure 4.8-11 is shown a plot of the orbital pericd for toth the

slow mode and the fast mode runs. The sclid black line denotes the slow mede run

l"hlé 148 FIED ’ . 4=-65
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while the troken line denctes the fast mode run. As can be expected, the slow
mode confipuration causes the period of the satellite tc hecome larper than does
the fast mode.

Fipure 4.8=12 shows the amount of anpular difference which can bte
attained as a function of time for two satellites which oripinally havs the same
ortital period. Durins the first few dars of the run the periods of the two
satellites are still nearly equal and the amount of anpular differencs is very
small. However, as the two periods become mere divergent the larggr angular
rifterence over each orbit causes the total angular differsnce to build up some-
what exponentially. As can be seen from the curve, even though a difference of
only three degroe; can be &chieved over the first ten days a difference of about
45 degrees can be achieved over a period of thirty days. This shows that station
heeping corrections to the orbits of the satell:tes will probably have to bte made

over a period of approximately twenty days.
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5.0 SUMMARY ASSESSMENT

A passive cormurications satellife vertically oriented with cont rollable
mobility has teen shown to te within the realm of pessitility. This satellite could
be constructed of materials similar to Echo II with approximately double the weipht
for a given diameter. The possible altitudes of operction fall in the range of
500 t¢ 3500 statute miles. The evaluation of reduction in the number of satellites
required over a system of randem placement requires further computation of mobility.
Cptimization studies will probably improve some parameters.

One major area for further development is reliatility to reduce the
renalties for radiation damage &nd the need for redundant components. Another
rajor area for further developmen' is the satellite structure.which will require
the specification and performance ¢f physical tests of raterials, and effects

encountered during inflatior and deplsyment.
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